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Titanium can no longer be considered a rare metal, even though 
the modern era or its production came into being only a few years ago. 
The first discovery or titanium was in 1791 by an English clergyman, 
the Re"verend l·lilliam Gregor, and the name titanium became universally 
adopted ~en so called by a German mineralogist, Martin Klaproth, who 
.rediscovered titanium three years later. Not until 1887 was the 
relatively pure, 75 percent, metal prepared by L. F. Nilson and 
o. Pettersson, whose experiments were repeated in 1910 by M. A. Hunter 
Hunter is given credit tor producing the first ~tallic titanium p.u-e 
enough to be malleable while cold. Howver, since that time progress 
was somewhat more rapid, and there are several accounts in the German 
literature or relatively pn-e ductile titanium being prepared as tar 
back as 1925. 
The chief reasons tor the enthusiasm being shown tor titanium, 
are its fortunate combination or desirous physical and chemical prop-
erties, and its relative abmdance. Ductile titanium and its alloys 
possess a good combination or strength, lightness, high proportional 
limit, high modulus or elasticity, high electrical resistivity, high 
melting point, low coefficient or thermal expansion, low thermal con-
ductivity, and good corrosion resistance. F. W. Clarke in his survey 
ot the relative abundance of elements for the .u. S. Geological Survey, 
placed titanium as being ninth, 0.529 percent, in abundance in 
elements of the earth's crust. That is 1 twenty times as abundant as 
all the copper, nickel, zinc, tin, lead and molybdenum combined. 
Also, titanium is found concentrated in sufficiently large deposits 
for economical mining and recovery. 
The strength-weight ratio of some of the alloys ot titanium is 
high, well above that of any other structural material. While ele-
mental titanium ranks only atter aluminum, iron and magnesium as a 
structural me~. Then too, the strength is retained well at moder-
ately elevated temperatures where aluminum and magnesium have lost 
much of their strength. Titanium may also be hot forged, machined 
about as easily as stainless steel, and spot or arc welded in an 
inert atmosphere. 
The corrosion resistance ot titanium is good, and compares 
favourably with stainless steel. It is not attacked by the atmos-
phere, and has excellent resistance to sea water, humid and saline 
atmospheres, and nitric acid. While at present not enough conclusive 
evidence has been gathered to place the corrosion resistance exactly, 
it seems at least to be on a level with chromium and nickel. 
2 
While several papers have been published within the past year 
or two on the corrosion of pure titanium, these papers dwell on corro-
sion rates in various acids ot differeni concentrations, and are not 
too much concerned with the mechanism ot the corrosion process. In 
view of this, it vas thought worthwhile to contirme the study of 
titanium corrosion a step fUrther, and to determine it an addition 
agent would have any effect on the corrosion rate, when added to an 
3 
acid in which pure titanium was relatively unaffected. 
As it has been found that pure titanium is most rapidly attack-
ed by hydrofluoric ac:id 1) and attacked very slowly by sulphuric, 
1) Straumanis, M. E., and Chen, P. c., The Corrosion of Titanium 
in Acids, Corrosion, 2, No. 7, 229-237, (1951) 
nitric, and hydrochloric acids, it was decided to add ammonium fluo-
ride to these slower attacking acids. This would serve the purpose 
of introducing a fluorine ion in controlled, limited amounts, in 
sufficient quantity to remove the corrosion resistant surface layer 
of the titanium, and then give the ordinarily ineffective acids an 
opportunity to attack the titanium surface now exposed. This would 
show if there is a skin effect on the surface of the titanium, the 
skin being highly corrosion resistant. At the same time other inves-
tigations would be carried out to try and determine the mechanism by 
which the titanium is attacked. 
CHAPrER II 
Review of The Literature 
References in the literature about the corrosion of titanium 
are rather few, and until the past few years consisted mainly of 
merely qualitative statements. This of course is to be expected, as 
it is only within a comparatively short time that pure titanium has 
been produced in sufficient quantity to warrant any extensive inves-
tigation of its properties. Then too, as the purity of the titanium 
produced by older experimenters is much less than that of the modern 
product, their findings are not too reliable as applied to present 
day commercially pure titanium. 
(i) Literature conserning the dissolution of impure titanium• 
A comprehensive summary of the work of early investigators 
from 1863 to 1910 is given by J. W. Mellor 1), and this work can be 
1) Hellor, J. W., A Comprehensive Treatise on Inorganic and 
Theoretical. Chemistry, London, Longman Green and Co., 1, 19, 
(1927) 
considered to cover the period when so called pure titanium was of 




(1) Hr;Irofl\12d.9.,.Ac;!q: V. Merz, L. 'Weiss and H. Kaiser 1) 
f'ound titanium was readily dissolved by hydrofluoric acid, which 
according to 0. Butt 2) gave a solution of' tetratluoride with anhy--
~ hWl'ogen fluoride gas at 700o c. 
-------·- -----
-------------·----------
2) Rut.t', o., Ipsen, R., Ueber das Titantl.uorid. Ber. d. deutechen 
Ohem. Ges., .]2, 1777, (1903) 
(2) ~Phuric Acid: v. l.ferz, L. Weiss, H. Kaiser and H. 
M>issan 1) found cold dUute sulphuric acid dissolved titanium read-
117, with the evolution ot hydrogen, but that heat is necess~ tor a 
continuous reaction. Hot concentrated sulphuric acid also oxidized 
. titanium to f'orm S<l2. 
(3) !I:Y,.drQgbJ.orig Agid: H. Moissan, L. Weiss, and H. Kaiserl) 
found boiling hydrochloric acid attacks titanium slowly, w:L th 1\v..s. ., 
evolved and a violet coloured solution f'onn ed. 
(4) EJ.ugrinet o. Ruff' and I. Ipsen 2) found fluorine reacts 
with hot titanium, forming the tetrafluoride. 
(5) Nitric lqisi: V. Merz, L. 'Weiss and H. Kaiser 1) found 
that titanium is slowly attacked by cold, dilute ni trio acid, and 
more quickly- by hot acid. R. Weber 1), using HN03 .ot sp. gr. 1.25, 
found much titanic oxide was formed which did not dissolve. 
(6) Aqua Regia: v. Merz, L. Weiss and H. Kaiser 1) f'ound 
titanium dissolved much faster in aqua regis than nitric acid alone, 
but the coating of titanic oxide formed soon stops the reaction. 
(7) Acetic Acid: V. !4erz 1) found titanium is attacked very 
slowly b.1 acetic acid. 
(ii) Literature concerning the dissolution of r§latively pure 
titanium. 
The majority of the papers in recent literature are concerned 
primarily with the rates of dissolution of titanium in various solut-
ions and only two papers by M. E. Straumanis and P. c. Chen 3)4) go 
3) Straumanis, M. E., and Chen, P. C., The Mechanism and Rate ot 
Dissolution of Titanium in Hydrofluoric Acid, Journal of The 
Electrochemical Society, 2a,, No. 7, 234-240, (1951) 
4) · straumanis, M. E., and Chen, P. c., The Difference Effect on 
Titanium Dissolving in Hydrofluoric Acid, Journal of The Electro-
chemical Society, 2a, No. 9, 351-355, (1951) 
into the mechanics of dissolution. Their investigations showed that 
titanium is rapidly dissolved b.1 hydrofluoric acid forming the tri-
fluoride instead of the tetrafluoride which earlier experimenters 
claimed resulted. They also showed dissolution might be an electro-
chemical process, the velocity of which is determined by the activity 
of local cells. The cathodes of these cells beitlg the impurities in 




W. J. Kroll 5) states pure ti tanitun be haYes very much like 18-8 
stainless steel, being unattacked by cold or boiling water, and re-
acting with steam at 8ooo c. A.lso it is attacked by cold, dilute 
5) Kroll, vl. J., Titanium, Corrosion Handbook, New York, John iviley 
and Sons, Inc., 329, (1948) 
hydrochloric, sulphuric and hydrofluoric acid, while nitric acid is 
not reactive, and passivates the metal so that it is more resistant 
to hydrochloric and sulphuric acids. Mixtures of hydrofluoric and 
nitric acids are more corrosive than hydrof'luoric alone, and the metal 
will react with fluorine at elevated temperatures. 
There are several articles dealing with the dissolution rates 
of titanium. R. S. Dean 6) and his associates state that 5 percent 
6) Dean, R. s., Long, J. R., Wartman, F. s., and Anderson, E. L., 
Preparation and Properties of Ductile Titanium, Metals Technology, 
~ No. 2, 12-13, (1946) 
sulphuric acid causes a loss of weight or 0.4 milligrams per square 
decimeter per day, while a 5 percent solutions of hydrochloric acid, 
ammonium hydroxide, sodium hydroxide and acetic acid do not cause a 
loss of ~ight in excess of 0.05 milligrams per square decimeter per 
day. 
These corrosion rates are in accord with tM finding of 
E. A. Gee 7) and his associates, who also state that titanium is 
7) Gee, E. A., Long, J. R., and Waggaman, W. H., ~tallic Titanium 
is Light, Strong, Durable, and Corrosion Resistant, Materials 
and Methods, ~' 75-78, (1948) 
soluble in higher concentrations of H Cl, and is readily attacked by 
sulphuric acid. 
E. A. Gee 8) is also responsible for further corrosion tests 
with titanium, using sulphuric, hydrochloric and nitric acids with 
aeration for 144 hours. They found annealed titanium to be rapidly 
8) Gee, E. A., Golden, L. B., and Lusby, W. E. Jr., Titanium and 
Zirconium Corrosion Studies Common Xineral Acids, Industrial and 
Engineering Chemistry, ~' 8, 1668-1673, (1949) 
attacked by sulphuric acid in all concentrations above 5 percent, 
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with the maximum corrosion rate at 40 percent acid, and the minimum 
at 65 percent acid. Cold rolled titanium dissolved at approximately 
the same rate as the annealed, except the rate exceeded that of the 
annealed metal in 10, 25 and 40 percent acid. The maximum rate at 
35° C for annealed titanium was 1069 milligrams per square decimeter 
per day, and for cold rolled, 1331 milligrams per square decimeter 
per day. With hydrochloric acid, annealed titanium was resistant to 
corrosion below 5 percent acid at 350 c, 3 percent acid at 60° c, and 
1 percent acid at 100° c. Nitric acid in 5 and 10 percent solutions 
9 
showed only slight attack at .35 ani 1000 0, and the metal was also 
resistant to boiling glacial acetic acid, 10 percent sodium hydroxide, 
and various £ood juices. 
H. G. Fontana 9) reported cumulative corrosion rates for 168 
hours of 6.265, and 240 mils per yea:r in .3.65, ani 9.3 percent sulphu-
ric acid; of 0.2, 0.6 and 1 mils per year in 0.5, 0.75 and 1.0 percent 
9) Fontana, H. G., Corrosion, Industrial arrl Engineering Chemistry, 
~' 10, 99A-lOOA, (1948) 
hydrochloric acid; of 25 mils per yea:r in .3 percent sodium chloride 
solution; and a negligible rate for 10 percent nitric acid and 10 
percent acetic acid. 
Quite an extensive study has been made by G. E. Hutchinson 10) 
and P. H. Pennar into the reagents which react with titanium, and 
10) Hutchinson, G. E., and Penna.r, P. H., Corrosion Resistance of 
Commercially Pure Titanium, Corrosion, 5., 10, .319-.325, (1949) 
using the arbitrary value of rates in excess of 0.005 inche·s per 
year being reactive, lists; 50 percent boiling formic acid, greater 
than 5 percent hydrochloric acid at 250 C and 1 percent boiling, all 
aqueous solutions of hydrofluoric acid, 65 percent boiling nitric aci 
10 percent phosphoric ac:id at 800 C and 85 percent at 250 C, ani 5 
percent and greater sulphuric acid at 25° c, with 1 percent and great-
er at sao c. 
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Using this same arbitrary value of 0.005 inches per year, the 
work of D. F. Taylor 11) would give as reactive, 18 percent ard con-
centrated hydrochloric acid at 19-260 c, concentrated sulphuric acid 
11) Taylor, D. ·F., Acid Corrosion Resistance of Tantalum, Columbium, 
Zirconium and Titanium, Industrial and Engineering Chemistry, 
~~ 4, 639, (1950) 
at 19-26 and 1450 C, and 85% phosphoric acid at 19-260 C. 
The corrosion of titanium in sulphuric, hydrochloric, hydro-
bromic and hydriodic acids was investigated by M. E. Straumanis 12) 
and P. c. Chen, who showed that dissolution in these acids is similar 
12) Straumanis, M. E., Chen, P. c., The Corrosion of Titanium in 
Acids, Corrosion, z, 7, 229-237, (1951) 
to that in hydrofluoric acid, forming the trii'luoride. At 250 C 
the rate of dissolution of titanium in sulphuric and hydrochloric 
acids below 2N is very low, and is still lower in hydrobromic acids 
of all concentrations • Hydriodic acid is unreactive to the slight-
est degree. It was also shown the rate o£ dissolution vas af'fected 
by ~purities, and the formation of protective layers which could 
be removed by the addition or small amounts o£ a.Dillonium fiuoride. 
Potential measurements of titanium were made in sulphuric and 
hydrochloric acids, and showd that the potential became more anodic 
with time, and with increasing concentrations of the acids. 
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Some studies were made by E. D. Bot·lis 1.3) and F. c. Krauskopf' 
on the potential measurements or titanium, and they round titanium, in 
an ordinary cell, to be less active than hydrogen, and the single 
---------------------------------------------------------------
1.3) Botts, E. D. , and Krauskopf, F. C. , Some Electrochemical Studies 
of Titanium, Journal or Physical Chemistry, J12, 1404-19, (1923) 
-----------------------------~ 
potential of titanium greatly increased when a small amount or hydro-
f'luoric acid is present. They also note that HCl and H;2S04 added to 
their respective salt solutions cause a decrease in the single poten-
tial or titanium, and alkali salts a slight increase. Titanium intro-
duced into solutions or various fluorides produced only an evolution 
of' gas from the titanium. 
This present research problem was to enlarge upon, am more 
thoroughly investigate the effect or ammonium fluoride added to varic:>us 
acids, to discern how such additions concerned the corrosion of' tita-
nium as to rate or dissolution, and the nature and mechanism of this 
dissolution. None or this has been duplicated before except the men-
tion by M. E. straumanis 1~) that the additions or ammonium tluoride 
will remove the protective layers on titanium and permit attack by 
otherwise slowly or non-reacting reagents. 
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CHAP!'ER III 
Experimental M!thods and Materials 
PART I 
Preljminary Qua],ita.tive Tests 
A preliminary survey was conducted to see how titanium would. 
react in various acids before and atter the addition ot ammonium and 
sodium fiuoride. The titanium samples vere polished, cold rolled 
sheet .f'rom the Remington Arms Company, and had a nominal purity ot 
over ~ percent. The tests were carried out in test tubes at room 
temperature. 
The results or these tests are as follows: 
2N sulohuric acid 
The titanium shoved no attack when left in the acid alone, blt when a 
small amount ot ammonium .fluoride was added the titanium was violently 
attacked as soon as the NH4F went into solution. The titanium sample 
turned dull and lustreless as dissolution proceeded. The reaction 
gradually slowed down, but could be reactivated by new addi t1 ons ot 
small amounts or ammonium nuoride. The solution after the .reaction 
vas a dark, reddish brown colour, which on the addition or 0.05N 
potassium permangante solution, changed to a colourless liquid. As 
trivalent titanium solutions are coloured, and tetravalent colourless, 
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this seems to indicate the trivalent state vas present, and oxidized 
to tetravalent by the KMn04 added. 
m sul.phvris agid 
Sodium f'l.uoride instead of 8JIII10nium f'l.uoride was used in this test, 
and there was no reaction vith the titanium sample until the sodium 
fluoride was added, whereupon a vigorous reaction started immediately. 
The solution vas coloured attar the ·reaction finished, indicating the 
trivalent state, and the titanium sample had turned dark and dull. A 
b~ue grey precipitate collected around the titanium. 
Dilut,e C4-1) nitric Mid 
There was no apparent reaction until ammonium tluoride was added, 
then a reaction began immediately with its vigour in direct propor-
tion to the amount of' NH4F added. Several tests were made using 
varyiJlg amounts of ammonium f'luoride as the initial addi t:l.on, and 
that test \hich had a considerable amount of' aDJIIk)nium fluoride added 
diss~lved the titanium completely leaving a white, fiutf)" precipi-
tate. After the reaction graduallY' sloved dovn and stopped, in the 
teste where lesser amounts of NH4F bad been added initially, there 
vas a white precipitate in each, in a110unts proportional to the 
IUIIIDOniua fluoride added, the solutions were colourless indicating 
the tetravalent state, and the titanium samples wre not dissolved 
and were still bright and shiny. The white precipitate formed was 
very ·likely titanic oxide. 
Concentrated nitric acid 
In contrast to the dilute nitric acid, there was no reaction whatso-
ever, or else only sporadic reaction, unless a considerable amount or 
ammonium nuoride was added. In this case the reaction was steady and 
sustained. The titanium turned dark, and the solution coloured. Arter 
the reaction there was a nutry, white precipitate around the dark 
titanium, and on standing the coloured trivalent solution oxidized to 
the colourless tetravalent state. 
2N 'hvdrochloric acid 
There was no apparent reaction when the titanium sample was placed in 
the acid, but an immediate reaction was obtained when ammonium fluoride 
vas added. The titanium turned dull and dark. The re_action very grad-
ually slowed down and stopped, but could be started again by adding 
more ammonium fiuoride. Arter the reaction ~ solution was a dark, 
reddish brown colour, which on f'urther standing turned colourless, so 
was likely oxidized by standing exposed to air to the tetravalent 
state. 
12 pers;ent pergh1orig acid . 
There was no reaction whatsoever unti1 the ammonium tluoride was add-
ed, whereupon an immediate reaction began, with tm titanium sample 
losing its polish and turning a dull, dark grey colour, as previously 
observed. Af'ter standing in air the solution turned colourless from 
a dark green, indicating it was probably oxidized from the coloured 
trivalent state to the colourless tetravalent. When this state was 
reached more ammonium fluoride was added but there was no reaction. 
Then .fresh 12 percent HCl04 was also added, and the reaction began 
again slowly, with the solution changing from colourless to light 
green. This phenomena was possibly due to all the perch1oric acid 
originally added having been exhausted. 
50 percent agetic acid 
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This acid showed no reaction until ammonium fluoride was added, after 
which there· was a good reaction. However, the reaction slowed appre-
ciably after a few hours and this may have been due to only the hydro-
tl.uoric acid available attacking the titanium, so that af'ter the 
hydrotl.uoric acid formed .from the ammonium fluoride was exhausted 
the reaction stopped, and the acetic acid alone did not react with 
the titanium. 
The solutions turned colourless when the reaction was finished, 
and pink on the addition of a few drops of 0.05N potassium penranga-
na~. Indicating the solution was oxidized to the tetravalent state. 
Upon the addition of a few drops of 4N sulphuric acid the reaction 
began again; this was probably due to the sulphuric acid attacking 
the titanium. 
50 uercent tormic Mid 
Again there was no reaction until the ammonium fluoride was added, 
whereupon a steady, strong reaction began with the titanium sample 
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turning dark. The solution turned greenish, but was colourless at the 
end of the reaction, indicating the tetravalent state, though on the 
addition of more ammonium fluoride the reaction began again and the 
solution turned green, indicating the trivalent state. 
100 pergent trif1uorocetie acig 
The titanium remained bright and shiny until the aDIIlonium fiuoride vas 
added. Arter which the solution turned somewhat murky, the titanium 
turned dark, and an extremely weak reaction took place for a short 
time. The addition or more ammonium .fluoride repeated the short, weak 
reaction. 
75 percent trif1ugracetig acid 
In this ease there was no reaction before the amroonium fluoride was 
added, and an immediate, strong reaction, which quickly slowed, and 
steadied, after the addition. The solution turned green, indicating 
the trivalent state, then on standing turned colourless, the tetra-
valent state. A white precipitate collected around the darkened 
titanium, and the additions or turther ammonium fluoride started a 
moderate1y strong reaction which soon slowed drastieal.l.y. 
50 percent triflugracetis apid 
There was no reaction before the ammonium. f'luoride was added, blt 
after the addition a violent reaction took place, the titanium turned 
dark, the solution coloured, and a greyish precipitate formed around 
the samp1e. Further additions or ammonium .fluoride restarted a 
moderate, sustained reaction. The titanium dissolved completely, 
leaving a greyish-mauve precipitate, and a solution which became 
colourless on standing £or some time. 
25 percent trifluprapetic agid 
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As before, the reaction first began when ammonium nuoride was added, 
and was strong and steady. The solution coloured, the titanium turn-
ed dark, and a fine white precipitate formed. Atter the reaction 
ceased further additions of ammonium fluoride would not restart it. 
The solution tUrned colourless atter standing f'or some time. 
10 pergent trif1uoraqetip ogid 
This reaction was practically identical to that seen with the 25 
percent tritluoracetic acid, with the one exception of the reactions 
in all cases being more subdued. 
The resu1ts or these qualitative tests are summa.rized in the 
following Table I. As vas anticipated, in all cases where the tita-
nium sample displayed no reaction when exposed to the acid alone, 
the addition or aDmonium or sodium fluoride started an immediate 
reaction, which in practically all instances continued steadily for 
a considerable length or t:ime. For a longer period than one would 
expect the reaction to proceed it only the hydrofluoric acid formed 
by the additions of ammonium or sodium fluoride was attacking the 
titanium. Also, in every instance the solution became coloured af'ter 
the reaction began, indicating the trivalent state of titanium was 
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present. Then after oxidization by potassium permanganate solution, 
or by standing exposed to the air; the solutions becrune colourless, 
indicating the tetravalent state of titanium. 
TABLE Ia 
Results or preliminary qualitative tests on Remington Arms, cold ~-
ed, polished titanium. 
Reiigent Consen~;ta~;f.on Reaction SoJrgt;f.on 
·Alone NH4F Coloured 
H2so4 2N None violent yes 
H2S04 4N None strong yes* 
!fNOJ Dilute (4-1) None violent yes 
HN03 Cone. None moderate yes 
HCl 2N None strong yes 
HCl04 12% None strong yes 
CH3COOH 50% None strong yes 
HCOOH 50% None strong yes 
CF3COOH 100% None slight no 
CF3COOH 75% None strong yes 
CFJCOOH 50% None violent yes 
CF3COOH 25% None strong yes 
CF3COOH 10% None strong yes 
*sodium fluoride added instead of ammonium fluoride. 
Thus it is seen in all cases when anmoniurn or sodium fluoride 
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is added to an acid solution in which a titanium sample is not being 
attacked, a reaction immediately takes place, with the dissolution or 
the titanium and evolution or hydrogen gas. As there seemed to be no 
difference in the reaction whether ammonium or sodium fluoride was 
added, and as a good supply or ammonium fluoride was on hand, or 
greater purity than the sodium fluoride available, ammonium fluoride 





The Rate o£ Dissolution o£ Titanium in Different Concentrations 
of Sul.phuric Acid, With the Addition of a Constant Amount of 
Ammonium Fluoride. 
The investigation of the rate of dissolution or titanium in 
these mixtures was based on the collection and measurement of the hy-
drogen gas libe.~ted. 
(i} Method am APParatUS: 
The apparatus for this investigation, as shown in Figure 1, consisted 
of a flask to hold the titanium sample and acid for dissolu~ion, a 
stirring mechanism with a mercury seal, a constant temperature water 
bath, and a burette to collect the evolved hydrogen gas. 
The .flask used "c" was a two hundred cubic centimeter Erlen-
meyer flask, coated inside with paraffin to resist any attack by the 
hydrofiu,oric acid formed, and to one side of which a f\mnel "d" with 
a valve was attached. This tunnel was used to introduce nitrogen gas 
and reagents into the flask. The stirring mechanism consisted of' a 
vertical glass rod, at the upper end of llhich was an aluminum dr1 ving 
pulley "g", and at the lower en:t an ebonite rod wedged unto the glass 
rod. An ebonite foot "a" with its face inclined at 45 degrees to the 
vertical and turning in the direction of rotation, could be attached 






a - Ti sample on foot of stirrer 
b - ebonite root 
c - paraffin lined flask 
20a 
d - funnel for introducing N2 and reagents 
e - mercury seal 
... f - driving belt 
g - driving pulley 
h - gus outlet valve 
i - gas burette 
j - levelling bulb 
k - constant temperature water bath 
l - spring held ground glass connection 
m - levelling bulb pulley system 
Figure 1. 
;lpparatus for determining the rate of dissolution 
of titanium in acids wit~ added ammonium fluoride. 
21 
and groove connection. The aluminum driving pulley was connected b.1 
a belt to a motor, the speed or which was adjustable by a rheostat. 
The mercury seal "e" on the shaft permitted tree rotation while at the 
same time it prevented any gas from escaping out through the shaft 
opening. One side or the tube within which the shaft rotated had an 
opening, connected by glass tubing to the burette. A ground glass 
joint "1", held tightly closed by a spring, permitted the f'lask to be 
disconnected from the burette tubing. The flask was fitted to the 
stirring mechanism by a rubber stopper permanently attached to the 
stirring mechanism, as shown in the Figure 1. The burette "i" used 
to .collect and measure the evolved hydrogen gas was connected by 
rubber tubing to a levelling bulb "j", which was filled with distilled 
water. This bulb was raised and lowered by a pulley system "m". Valve 
"h" could be opened, and was used when the system was being flushed 
with nitrogen gas, or the gas in the burette displaced by the water 
f'rom the levelling bulb. The whole flask was su~rged in a thermo-
regulated water bath at 250 c. (Figure 2). This regulator automati-
cally kept· the bath to an accuracy or _0.1° c. The whole system was 
absolutely air-tight when all the valves were closed, and was tested 
frequently for any possible leakage by opening valves "d" and "h" and 
by putting a little gas in under pressure to drive the water level in 
the burette a few inches below that or the levelling bulb, then clos-
ing the two valves and leaving for several hours. At the end of" this 
ti.'lle i£ the positive pressure in the system still measured the sane as 
_ .... · 
a - 11-ne voltage, 110 V. 
b - mercury thermo-regulator 
c -solenoid controlled switch 
d - heating lamp 
e - stirrer 
f - thermometer 
g - coolin~ water coil 











Water bath with therrno-re~ulator. 
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at first, the system was considered gas tight. 
(ii) Proce<iure: 
A sample of Remington Arms titanium, cold rolled sheet 1.5 mm. 
thick and with a nominal purity of over 99 percent, was ground dow 
to exactly 1 centimetre square, and mounted in bakelite using a metal-
lographic specimen mounting press so that only one surface, 1 square 
centimetre in area, was exposed. The exposed titanium surface was 
then polished vi th No. 00 emery paper and the bakelite mounting glued 
to the horizontal ebonite foot with "plastic cement". The ebonite 
toot was then slipped on the ebonite bottom of the stirring rod, the 
Erlenmeyer fiask fitted to the stirring mechanism, and the lobole 
submerged in the constant temperature water bath to a depth that the 
rubber stopper joining the flask and stirring mechanism was completely 
covered with water. This precaution was ta.'!ren so that bubbles could 
be easily spotted if there was any gas leakage around the rubber 
stopper. The temperature of' the water bath was now adjusted to 
25°C_o.loc, using an immersion heating element if the room temperature 
was below 25° C, and a cooling water coil if above 250 c. Next nitro-
gen gas from a cylinder was washed through a gas washer containing a 
solution of twenty grams of pyrogallol in five hundred cubic centi-
metres of KOH solution (ls2), as recommended by G. Lunge 1), to remove 
1) Lunge, G., Technical ~thode of Chemical Analysis, Vol. 1, Part I, 
209, D. Van t~ostrand and Co., New York, 1908. 
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OJey"gen from the nitrogen gas used. This washed, oxygen tree nitrogen 
gas was then directed into the Erlenmeyer tl.ask through val. ve "d", 
f'lushing out the sys~m, and escaping through the open valw "h" to 
the atmosphere. The nitrogen stream was continued tor 15 minutes, and 
towards the end ot this period the air at the top or the burette was 
also displaced by nitrogen. This was accomplished by tirst closing 
the valve "h•, then lowering the levelling bulb to draw nitrogen into 
the burette, then opening valve "h• and raising the levelling bulb to 
expell the mixture ot air am nitrogen in the burette. 'l'be operation 
being repeated several times to make sure all air was displaced. It 
was necessary to replace the air in the system with nitrogen because 
M. E. Straumanis and P. C. Chen 2) tound if' o:x;ygen was present the 
2) Straumanis, M. E. and Chen, P. C., The Mecharrlsm and Rate ot 
Dissolution ot Titanium in Hydrofluoric Acid, Journal ot the 
Electrochemical Society, 2e., 6, 234-240, (1951) 
reaction 
took place, with a contraction in volume. .tUso titanium may act 
catalytically in the formation ot water trom ox;ygen a1Xl liberated 
hydrogen. 
One hundred cubic centimetres ot su1phuric acid, or chemically 
pure grade whose concentration had been checked b,y titration against 
a standard sodium carbonate solution using a methyl orange indicator, 
was placed in the Erlenmeyer tlask before the nitrogen tlush began. 
This was sufficient acid to completely cover the titanium sampl.e on 
the ebonite foot. After the air displacement operation was completed, 
0.1855 grams of' ammonium fluoride was added to the flask. This amount 
ot ammonium fluoride would give 100 c.c. of ~20 N hydrofluoric acid, 
it it were possible for the reaction 
or possibly 
2NH4F+H2so4;-- (NH4)2 S04+2HF (2) 
NH4F+H~04~ (NH4)HS04+HF 
to go to completion. However, the reaction ceases at some equilib-
rium value, and consequently, the acid mixture is never quite 1/20 N 
wit~ respect to hydrofluoric acid, though becoming more nearly so as 
the strength of the H2S04 in the acid mixture is increased. However, 
during this investigation we are assuming for ease of calculation and 
explanation that the reaction (2) has gone to completion, and the acid 
mixture is ~20 N with respect to hydrofluoric acid. 
To avoid any dilution of the H2S04 during the addition ot the 
ammonium fluoride, the NH4F is first dissolved in distilled water to 
give a total. of 1 c.c. of solution. Then 1 c.c. of H2S04 of double 
the strength of' the 100 c.e. of acid placed in the Erlenmeyer £!ask 
is added to this 1 c.c. of solution, giving a total of 2 c.c. of' 
.. 
sulphuric acid solution, in which 0.1855 grams of anmonium fluoride 
are dissolved, of' the same strength as the 100 c.c. of acid already 
in the flask. For example, if' the 100 e .c. of acid in the flask is · 
2N H2S04, then the NH4F is dissolved in distilled water to give a total 
volume of 1 c.c. of solution, and 1 c.c. of 4N H2S04 is added to give 
a total or 2 c.c. or 2N H~o4 • This 2 c.c. of 2N H2so4 containing 
the ammonium fiuoride ·is added to the 100 c. c. or 2N H2SO4 in the 
Erlenmeyer flask. 
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The addition is made through valve "d", and the valve immed-
iately closed. The water level in the burette was now quickly adjust-
ed to read zero on the burette scale, valve "h" closed, and the motor 
driving the rotating mechanism turned on to give the titanium sample 
immersed in the acid mixture a speed of rotation or 250 revolutions 
per minute. The reason for stirring the sample in the acid vas to 
help remove the hydrogen gas as soon as it formed on the surface of 
the metal, to give a better distribution of fresh acid into the react-
ion interface, and to assist in uniform temperature distribution in 
the acid. 
As the hydrogen gas was evolved from the· reaction of the 
titanium metal with the acid, it passed over into the burette and 
displaced the water column there. To equalize the gas pressure Within · 
the burette and the outside atmospheric pressure, the levelling bulb 
was constantly lowered to the same water level shown in the burette. 
The rate of hydrogen evolution in cubic centimetres per minute was 
observed by recording the volume of gas collected at regular intervals 
In order to calculate the volume of hydrogen collected on the basis of 
standard conditions, room temperature and atmospheric pressure were 
also recorded. 
For several experiments the runs were continued long enough to 
make sure that all the hydrofluoric acid formed according to reaction 
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(2) was exhausted, and the dissolution continued after that time was 
caused by the sulphuric acid present. When this fact had been con-
firmed, fUture runs were made only until the peak dissolution rate 
had been reached and passed. When this stage was reaChed a final read 
ing vas made of the hydrogen collected in the blrette, the rotating 
mechanism vas stopped and the tl.ask taken ott and dWilped. The ti ta.-
nium sample vas first rinsed with distilled water to stop the reaction, 
then dried and examined. 
Seven different concentrations of sulphuric acid were investi-
gated, 0.5N, lN, 2N, 4N, 6N, 8N and lON. With the amount of 8Dllll)nium 
tl.uoride to each (0.1855 grams NH4F) to make the solution l/20N with 
respect to hydrotluoric acid, assuming that Reaction (2) goes to 
completion. 
(iii) Calculations 
The following is a sample calculation using data taken from 
Table VII, to show how the rates of dissolution were arrived at. 
Average room temperature 
Average barometric pressure 
23.6oe or 296.60K 
729.1 mm. Hg. 
Barometric pressure corrections according to C. D. Hodgman 1 s 3) taoles. 
3) Hodgman, C. D., Handbook of Chenlistry and Physics, Chemical 
Rubber Publishing Co., Cleveland, 31st edition, (1949) 
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Correction for water vapour pressure 21.8 mm. Hg 
Correction tor temperature of the barometer 
Pressure after corrections 
2.7 mm. Hg 
729.1--(21.8 2.~ 
= 704.6 mm. Hg. 
According to the laws of Boyle and Gay Lussac, tm factor from this 
data to convert the volume of hydrogen gas collected to a volwne at 
standard conditions of temperature and pressure is; 
~ °K x ~ mmHg=O 852 296.6 • 
After 120 minutes of running the experiment, 
Volume of hydrogen gas collected 4.9 c.c. 
Volume or hydrogen gas actually collected at standard conditions of 
temperature and pressure 4.9 X 0.852 
= 4.17 c.c. 
The rate of dissolution of the titanium was calculated from the 
following expression, 
V1 = A Vo X 1000 (3) 
txA 
3) Fontana, M. G. t Industrial and Engineering Chemistry, ~' 10, 
99-lOOA, (1948 J 
where v1 the dissolution rate in mm3/cm2~. 
v0 the difference in volume of hydrogen gas collected at 
standard conditions between time intervals in minutes. 
t the time interval in minutes, in this ease 20 minutes. 
A the area of the sample surface in square centimetres, 
in this case 1 square centimetre. 
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So, at the same point in the experiment, 120 minutes after the begin-
ning, the rate of dissolution is, 
V1 == 0.85 x 1000 = 42.5 mm3/cm2-min • 
. 20 X 1 
To convert this rate of dissolution from cubic millimetres or hydrogen 
gas evolved to milligrams or the titanium sample lost, is quite simple. 
Assuming titanium and hydrogen react in the following manner, accord-
ing to Evans 4) 
2Ti + 6H~ 2T +-r-t- +-3H2 (4) 
4) E,vans, V. R., Metallic Corrosion Passivity and Protection, 
Longmans, Green and Co., New York, 255, (1948) 
so 2Ti~ 3(22.412) litres or H2 
2(47.9) grams Ti~ 67.236 lit~s or H2 
95.80 grams Ti ..... 67,236,000 mm3 of H2 
1 mm3H2..... 95.80 = 0.00142 mg. Ti 67,236,000 
Therefore the factor to convert the rate of dissolution from mm3H2 
to mg. Ti is 0.00142 and at the point in the experiment 120 minutes 
after the beginning the rate of dissolution is, 
V2 :::. (42.5~/cm2-min. X 0.00142) = 0.60 mg/cm2-min • . 
As was mentioned previously, several tests were made to confil-m 
the fact that dissolution or the titanium sample continued on past the 
time the hydrof.luoric acid rormed,according to reaction (2), was e~ 
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hausted. Which meant that the dissolution was not due entirely to the 
hydrofluoric acid present, but also in part to the sulphuric acid. As 
the rate of dissolut~on was faster with the stronger concentrations or 
sulphuric acid, these stronger acids were used for this test, for even 
with them the time consumed was considerable to collect a ·volume or 
· hydrogen gas evolved greater than would be given orr by the hydro-
f'luoric acid alone reacting vith the titanium sample. Also, as it was 
impractical to stay with the experiment the whole time during the 70 
or 80 hours a run took, a method was worked out to get an approximate 
meas~ment or the hydrogen evolved overnight while the apparatus was 
left unattended. This method was to turn orr the rotating meehanism, 
but to maintain the constant temperature bath at 250 C. Then barely 
crack valve "h" so that the hydrogen formed could escape to the atmos-
phere but maintained a sufficient £low outward through the opening so 
that a positive pressure or hydrogen was kept in the system. In the 
morning, the stirring mechanism was turned on, valve "h" closed, and 
measurements again taken or the hydrogen collected in the burette. The 
rate or hydrogen evolution f'or the period when no hydrogen gas was 
actually collected, was taken as the average rate between the last 
reading bef'ore the apparatus was shut down, and the first reading when 
it was again started up. 
The following is a sample calculation, with data also taken 
trom Table VII, to show how the hydrogen evolved exceeded that 'Which 
could be expected from the action of' hydrofluoric acid alone on 
titanium. 
Assuming the reaction 
2HF-+~ (22.412 litres) (5) 
goes to completion, which is not likel.7 to happen entirelY'. 
Then 1000 c.c., 1N HF-. H2 = 22,61? lltres ot R-T 2 --,l 
so the 100 c.c. ot l/20N HF used 1n this test will liberate 
22.41? ~ JJ2Q.. : 56 c.c. H2 
2 20 X 1000 
jssumiDg also that the reaction 
2NH4F-t H~4_.. (NH4)2 S04 + 2HF 
or NH4F + ~so4 .... (NH4)HS04 + HF 
goes to completion and the acid mixture is l/20N with respect to HF. 
Taking data trom Table VII 
Average temperature for whole run 
A~rage barometric pressure for whole run 
Correction tor water vapour pressure 
Correction .ror temperature of the barometer 
Pressure after corrections 
Amount or~ collected after 400 m:!Dutes 
Bate ot collection of H2 at 400 mimltes 
Rate ot collection ot H2 at 1240 minutes 
Time interval 
. 21.60c or 294. 60JC 
728.5 mm Hg. 
19.3 mm Hg. 
2.6 Dill Hg. 
728.5-(19.3 + 2.6) 
= 706.6 mm Hg. 
0.51 c.c. per 20 min. 
0.42 c.c. per 20 min. 
840 min. or 421 
20 min. intervals 
~supposed collected tor 1st halt ot 
period when apparatus shut down 
~supposed collected tor 2nd halt ot 
period when apparatus shut down 
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~ x 0.42 = 8.82c.c.H2 
2 
Amount ot ~ collected fran 1240 to 1320 min. 1. 70 c .c. 1'2 
Rate ot collection ot H2 at 1320 minutes 
Rate ot collection ot H2 at 2900 minutes 
Time intenal 
B2 supposed collected tor 1st half' ot 
periOd when apparatus shut down 
B2 supposed collected tor 2nd halt ot period when a .. paratus shut down 
0.42 c.c. per 20 min. 
0.26 c.c. per 20 min. 
1580 minutes or 79, 
20 mimlte intervals 
~ x 0.42 = 16.59c.c.Hg 
22 x 0.26 = 10.27c.c.H2 
2 
ADK>unt ot H2 collected trom 2900 to 296o minutes 
Rate ot collection ot H2 at 29f::JJ minutes 
Rate of collection or H2 at 4ol:/J minutes 
Time interval 
~ supposed collected tor 1st halt ot 
period when apparatus shut dovn 
~ supposed collected tor 2nd halt ot 
period When apparatus shut down 
0.26 c.c. per 20 min. 
0.18 c.c. per 20 min. 
llOO minutes 1 or 
55, 20 minute intervals 
~ x 0.26:7.15 c.c.H2 
2 
Amount or ~ collected trom 4oi:IJ to U-40 minutes O. 70 c.c .H2 
Total amount or a2 collected (13 .18 ... 10.71 + 8.82 + 1. 70 + 16.59 
+ 10.27+ 0.78+7.15+ 4.95+ 0.70)cc. 
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This 7 4.85 c .c. H2 is considerablY' more than the 56 c. c. er,a?ected to 
be evolved by the action or hydrotluoric acid alone on the titanium, 
so the difference, 74.85-56=18.85 c.c. H2, JllllSt be trom the action 
of sulphuric acid on the titanium. 
(iv) Resultss 
It was seen on plotting the average maximum rates of dissolution 
against the concentrations or the sulphuric acid in normalities, as 
sllown in Figure 3, that the rate of dissolution increased in a.:IJik)st 
a straight line ratio as the concentration ot the sulplmric acid in-
creased. From the rates ot dissolution tabulated in Tables I to IIV 
it was noted in 2N, 4N and 6N sulphuric acid the rate ot dissolution 
started with a short induction period, graduaJ.;Ly reached its maximum, 
then slowly' tapered ott. While with t:te O.SN, lN, 8N and lON sulphu-
ric acid the maximum dissolution rate was attained almost with the 
first reacling, and a decline followed from there. There was no great 
difference in the rate of decrease of the dissolution rate trom the 
maximum in any or the sulphuric acid concentrations. In every case 
after dissolution the sample surfaces had a dull grey, pebbley finish, 
in contrast to their bright, polished surface bef'ore the exper:imen t 
began. 
~~ 
Table I, Rate of dissolution ot Ti in 0.5!1 ~so4 plus l./20N NH4F 
Run~. l. 
Time Voiume H2 Volume Rate Rate Temp oc Corrected 
(Min.) (c.c.) (c.c.) url3 / c~-rrd:rl. mg,/ cm2-min. Average Pressure 
-30 1.31 1.-31 43.7 .62 21~5 716.5 
60 2.27 .96 32.0 .45 mmHg 90. 3.15 .88 29.3 .42 
120 4.19 1.04 34•8 .49 
150 5.24 1.05 35.0 .so 
180 6.20 .96 32~0 
-45 
210 7.17 .97 32.3 .46 
240 8.13 .96 32.0 .45 
270 9.00 .87 29.0 .4]. 
300 .. 9.79 .79 26.3 .37 
330 10.57 .78 26.0 .37 
360 11.40 .83 27.7 .39 
390 12.19 .79 26.3 .37 
420 13.02 .83 27.7 .39 
450 13.74 .72 24.0 .34 
480 14.46 .72 24.0 .34 
510 15.18 .72 24.0 .34 
540 15.91 • 73 24.3 .34 . 
570 16.74 .83 27...7. .al2. 600 17.35 .61 20.3 .29 
Average maximum rates run No. 11 29.37 rDJ) cm2-ad:n. and 
0.415 mg./cm2-min. 
Table II, Rate or dissolution or Ti in 0.5N H2S04 plus 1/20N NH4F 
Rpn No. 2 
Time Volume H2 Volume Rate Rate Temp oc Corrected 
(Min.) {c.c.) {c .• c.) mm3/cm2-min. mg,/cm2-min. Average Pressure 
30 1.32 1.32 44.0 0.62 21.2 
60 2.29 .97 32.3 0.46 
90 3.17 .88 29.3 0.42 
120 4.23 1.06 35.3 0.50 
150 5.19 .96 32.0 0.45 
180 6.07 .88 29.3 0.42 
210 6.95 .ss 29.3 0.42 
240 7.84 .89 29.7 0.42 
270 8.72 .88 29.3 0.42 
300 .. 9.60 .88 29.3 0.42 
330 10.48 .88 29.3 0.42 
360 11.14 .66 22.0 0.31 
390 11.89 .75 25.0 0.35 
420 12.63 .74 24.7 0.35 
450 13.38 .75 25.0 0.35 
480 14.13 .75 25.0 0.35 
510 14.88 .75 &i..Q SWi 
540 15.54 .66 22.0 0.31 
Awrage maximum rates run No. 2a 29.16 ~/cm2-min. and 
0.413 mg./cm2-min. 
Average maximum rates for both runs: 29.26 ~/cm21in. and 




Table III, Rate of dissolution of Ti in lN ¥04 plus l/20N NH4F 
Run No. l 
Time Volume H2 Volume ~ Rate Temp oc Corrected (Min.) (c.c.) (c.c.) (~ / c -min.)(mg/ cm2-min. ) (Avg. ) Pressure 
-- -30 1.05 1.05 35.0 .49 21.75 716.7 
6o 1.88 .83 27.7 .39 mm Hg 
~ 90 2.77 .89 29.7 .42 
120 3.67 .90 30.0 .4.3 
150 4.54 .87 29.0 .41 
180 5.32 .78 26.0 • .37 
210 6.07 .75 25.0 .35 
240 6.90 .83 27.7 .39 
270 7.68 .78 26.0 • .37 
300 .. 8.47 .79 ~ ...IZ 330 . 9.12 .65 21.7 • .31 
.360 9.84 .72 24.0 • .34 
Average maximum rates run No. 1: 
0.399 mg./ cm2-min. 28.24 mm3/ cm2-min. and 
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Table IV, Rate of Dissolution of Ti in lN H2SO4 plus li20N NH4F 
Run No 1 ~ 
--
Time Volume H2 Volume Rate Rate Temp oc Correc-ted (Min.) (c.c.) (c .c.) (lll!J}3 I em2-min.)(mg/ em2-min. ) (Avg.) Pressure 
-- --
.30 1.22 1.22 40.7 0.58 2.3.0 716.6 
60 2.09 .87 29.0 0.41 rmuHg 
90 2.96 .87 29.0 0.41 
120 3.87 .91 30.3 0.43 
150 4.78 .91 30.3 0.43 
180 5.74 .96 32.0 0.45 
210 6.52 .78 26.0 0.37 
240 7.35 .83 27.7 0.39 
270 8.18 .83 27.7 0.39 
300 .. 9.09 .91 30 • .3 0.43 
330 9.92 .83 27.7 0.39 
360 10.73 .81 27.0 0 • .38 
390 11.54 .81 27.0 0.38 
420 12.35 .81 ~ Q..Ja 
450 13.05 .70 23.3 0.33 
480 13.79 .74 24.7 0.35 
Average maximum rates run No. 2: 29.41 ~lem2-min. and 
0.4157 mg.lcm2-min. 
Average maximum rates for both runs: 
·0.4075 mg.lem2-min. 
28.825 mm3 I em2-min. and 
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Table V, Rate ot Dissolut~on of Ti in 2N H2so4 plus l/20N NH4F 
Run No. 1 
Time Volume ~ Volume Rate Rate Temp oc Corrected 
(Min.) (c.c.) (c. c.) (rnxa3/om2-min.)6ng/cm2-min.) {Avg.) Pressure 
20 .53 .53 26.5 .38 21.4 717.1 
40 1.05 .52 ~ ..Jl mm Hg 
60 1.66 .61 30.5 .43 
80 2.21 .55 27.5 .39 
100 2.77 .56 28.0 .40 
120 3.33 .56 28,0 .40 
140 . 3.83 .50 25.0 .36 
160 4.35 .52 26.0 .37 
180 4.87 .52 26.0 .37 223 -200 .. 5.31 .44 22.0 .31 715.3 
220 5.92 .61 30.5 .43 mm Hg 
. 240 6.44 .52 ~ ..Jl 
260 6.87 .43 21.5 .30 
280 7.31 .44 22.0 .31 
Table VI, Rate of Dissolution of Ti in 2N H2so4 plus l/20U NH4F 
Run No 1 2 
Time Volume H2 Volume Rate Rate Temp °C Corrected (Min.) (c.c.) (c.c.) (rnrrr3/cm2-minJ (mg,/cm2-min.) (Avg.) Pressure 
20 .35 .35 17.5 .25 22.5 714.8 
40 .69 .34 17.0 .24 mm Hg 
60 1.12 .43 6L.i .a.lQ. 
so 1.70 .58 29.0 .41 
100 2.27 .57 28.5 .40 
120 2.85 .58 28.0 .40 
140 3.46 .61 30.5 .43 
160 4.07 .61 30.5 .43 
180 4 •. 76 .69 34.5 .49 
200 5.54 .69 34.5 .49 
220 6.14 .69 34.5 .49 
240 6.66 .52 26.0 .37 
260 7.35 .69 34.5 .49 
280 8.04 ·.69 ~ ~ 
300 8.65 .61 30.5 .43 
320 9.09 .4/. 22.0 .31 
Average maxJmum rates run No. 2: 
0.444 mg./emf-min. 
31.36 IOin3/cm2-min., and 
Average maximum rates for b:>th runs: 29.66 mm3 / cm2-min. , and 
0.4135 mg./cm2-min. 
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Table VII, Rate of Dissolution of Ti in 4N H~04 plus 1/20N NH4F 
Run No. 1 
Time Volume H2 Volume Rate Ra~e Temp oc Correcta:l (Min.) (c.c.) (c.c.) (mm3/cm2-mi~)(mg/cm -min.) (Avg.) Pressure 
20 .&J .60 30.0 .43 21.6 706.6 
40 l.ll .51 25.5 .36 mm Hg 
60 1.70 .59 6.2a.i ~ 80 2.47 .77 38.5 .55 
100 3.32 .85 42.5 .6o 
120 4.17 .85 42.5 .60 
140 4.94 .77 38.5 .55 
160 5.62 .68 34.0 .48 
180 6.48 .86 43.0 .61 
200 7.07 .59 29.5 .42 
220 7.84 .77 laa.i ...22. 
240 8.43 .59 29.5 .42 
260 9.10 .67 33.5 .48 
280 9.72 .62 31.0 .44 
300 10.34 .62 31.0 .44 
320 10.96 .62 31.0 .44 
340 11.47 .51 25.5 .36 
360 11.98 .51 25.5 .36 
380 12.67 .69 39.5 .56 
400 13.18 .51 25.5 .36 
1240 0 0 0 0 
126o .51 .51 25.5 .36 
1280 .85 .34 17.0 .24 
1300 1.27 .42 21.0 .30 
1320 1.70 .43 21.5 .30 
2900 23.76 0 0 0 
2920 24.02 .26 13.0 .18 
2940 24.29 .26 13.0 .18 
2960 24.54 .26 13.0 .18 
Table VII continued 
4060 0 0 0 0 
4080 .18 .18 9.0 .13 
4100 .53 .35 17.5 .25 
4120 .71 .18 9.0 .13 
4140 .88 .17 8.5 .12 
Total 74.85 c.c. 
Average~ rates run No. 1: 38.38 mm3/cm2-m.in., and 
0.545 mg/cn1 -min. 
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Table VIII, Rate of Dissolution or Ti in 4N ~SO 4 plus l/20N NHF 4 
Run No. 2 
Time Volume ~ Volume Rate Ra~ Temp 0 0 Correcte:! 
(Min.) (c.c.) (c.c.) (mm3/cm2-illin.)(mg/cm -min.) (Avg.) Pressure 
30 .26 .26 8.9 .13 21.4 
60 .87 .61 2Q.a.l ~ 
90 1.73 .86 28.7 .31 
120 2.59 .86 28.7 .31 
150 3.45 .86 28.7 .31 
180 4.32 .87 29.0 .41 
210 5.20 .88 29.3 .42 
240 6.06 .86 28.7 .31 
270 6.93 .87 29.0 .41 
300 7.79 ·• .86 28.7 .31 
330 8.57 .78 26.0 .37 
360 9.35 .78 ~ ...lZ 
390 . 10.05 .70 23.3 .33 
420 10.74 .69 23.0 .33 
Average maximum rates run No. 2: 28.28 mm3/cm2-min., and 
0.353 mg/c~. 




Table IX, Rate of Dissolution of Ti . in 6N ~SO 4 plus l/20N ~F 
Run No. 1 
Time Volume H2 Volume Rate Rate TempOC Corrected 
(Min.) (c.c.) (c.e.) (mm3 / cm2-min.Xmg/ cm2min. ) (Avg.) Pressure 
-
30 .69 .69 1la.Q .18 23.8 710.6 
60 1.67 .98 32.7 .46 mm Hg 
90 2.75 l.OS 36.0 .51 
120 3.95 1.20 40.0 .57 
150 4.98 1.03 34.3 .49 
180 6.01 1.03 34.3 .49 
210 7.04 1.03 34.3 .49 
240 8.24 1.20 40.0 .57 
270 9.27 1.03 34.3 .49 
300 10.28 .. 1.01 n..:z ..J& 
330 11.14 .86 28.7 .u 
360 12.00 .86 28.7 .u 
390 12.68 .• 68 22.7 .32 
420 13.37 .69 23.0 .33 
1380 0 0 0 0 
1410 .78 .78 26.0 .37 
1440 1.47 .69 23.0 .33 
1470 2.07 .60 20,0 .28 
1500 2.68 .59 19.7 .28 
1530 3.37 .69 23.0 .33 
1560 3.97 .60 20.0 .28 
1590 4.62 .65 21.7 .31 
1620 5.27 .65 21.7 .31 
1650 5.88 .61 20.3 .29 
1680 6.~ .56 18.7 .27 
2940 0 0 0 0 
2970 .43 .43 14.3 .20 
3000 ~ .43 14.3 .20 
Total 62.4 e.c. 
Average maximum rates run No .. 1: 
0,505 mg/cmf-min. 
35.51 ~/~2-mm., and 
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Table X, Rate or Jissolution or Ti in 6N !1~04 plus l/20N NH4F 
Run No. 2 
Time Volume H2 Volume Ra. te Rate Tecp °C Correcte:i 
(Min.) (c .c.) (c .c.) (~/ci:?-nin.)(mg/cm2-min.) (Avg.) Pressure 
30 .69 .(:f:) 23.0 .33 22.7 
60 1 • .39 .69 ~ .a.ll 
90 2.32 .94 31.3 .44 
120 3.61 1.29 43.0 .61 
150 4.87 1.26 42.0 .f::IJ 
180 6.12 1.25 41.7 .59 
210 7.1.0 1.28 42-7 .61 
240 8.6o 1.20 40.0 .57 
270 9.55 .95 31.7 .45 
300 10.54 .99 33.0 .47 
330 11.~ .94 JL.l JJ. 
360 12.26 .78 26.0 .'37 
390 12.99 .73 24.3 .35 
Average marlrmun rates run No. 2: 37.41 ~/cm2-mn., and 
0.531 mg/cm2-min. 




Table XI, Rate ot Dissolution o£ Ti in 8N H~04 plus l/20N NH4F 
Run No. 1 
Time Volume H2 Volume Rate Rate Temp oc Correcild (Min.) (c.c.) (c.c.) (mm3/cm2-min.YJDgfcm2-min.) (Avg.) Pressure 
30 1.12 1.12 37.3 .53 22.5 712.1 
60 2.16 1.04 34.3 .49 mm.Hg 
90 3.31 1.15 38.3 .54 
120 4.46 1.15 38.3 .54 
150 5.62 1.16 38.7 .55 
180 6.75 . 1.13 37.7 .54 
210 7.87 1.12 37.3 .53 
240 9.00 1.13 37.7 .54 
270 10.03 1 .• 03 34.3 .49 
300 11.12 1.09 36.3 .52 
330 12.28 1.16 38.7 .55 
360 13.40 1.12 J:Z...l .a.il 
1320 0 0 0 0 
1350 .87 .87 29.0 .41 
1380 1.69 .82 27.3 .39 
1410 2.51 .82 27.3 .39 
l.J,40 3.29 .78 26.0 .37 
1470 4.16 .87 29.0 .41 
1500 4.94 .78 26.0 .37 
2760 0 0 0 0 
2790 .61 .61 20.3 .29 
2820 ~ .61 20.3 .29 
Total 78 c.c. H2 
Average ~imum rates run No. 1: 
0.53 iag/cm -min. 
35 • 52 mrrJ /err;?.~., arxl 
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Table XII, Rate of Dissolution of Ti in SN H~o4 plus 1/20 N NH4F 
Run No. 2 
Time Volume H2 Volume Rate Rate Temp oc Correc1Ed 
(Min.) (c.c.) (c.c.) (mm3/cm2-min.)(mg/cm2-min.) (Avg.) Pressure 
30 .91 .91 lQ..J. ~ 23.1 60 2.12 1.21 40.3 .57 
90 3.25 1.13 37.7 .54 
120 4.39 1.14 38.0 .54 
150 5.54 1.15 38.3 .54 
180 6.66 1.12 37.3 .53 
210 7.79 1.13 · 37.7 .54 
240 8.91 1.12 37.3 .5.3 
270 10.03 1.12 IZ...l .a.ll 300 11.07 1.04 34.7 .49 
330 12.11 1.04 34.7 .49 
Average maximum rates run No. 2: 37.99 mm3/cm2-min., and 
0.540 mg/c~-min. 





Table XIII, Rate of Dissolution of Ti in lON H~04 plus l/20N NH4F 
Run Ng. l 
Time Volume H2 Volume Rate Rate Temp oc Correctfrl 
(Min.) (c .c.) (c.c.) (mm3/cm2-min.)(mg/cm2-min.) (Avg.) Pressure 
-30 1.30 1.30 43.3 .61 21.8 710.2 
60 2.64 1.34 44.7 .63 mm Hg 
90 3.98 1.34 44.7 .63 
120 5.23 1.25 41.7 .59 
150 6.44 1.21 40.3 .57 
180 7.66 1.22 40.7 .58 
210 8.87 1.21 40.3 .57 
240 10.08 1.21 40.3 .57 
270 11.23 1.15 38.3 .54 
300 12.37 ·1.14 38.0 .54 
330 13.67 1.30 43.3 .61 
360 14.88 1.21 ~ ~ 
390 16.00 1.12 37.3 .53 
420 17.13 1.13 37.7 .54 
Average maximum rates run No. 1: 
0.58 mg/cm2-min. 
41.33 rnm3/cm2-min., and 
Table ·:nv, Rate or Dissolution or Ti in lON H2so4 plus l/20N NH4F 
ISm No. 2 
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Time Volume H2 Volume Rate Rate Temp oc Corrected 
(Min.) (c,c.) (c.c.) (mm3/cm2-min)(mg/cmf-min,)(Avg.) Pressure 
30 1.10 1.10 .29...2 ~ 24.4 
60 2.42 1.32 44.0 .62 
90 3.74 1.32 44.0 .62 
120 5.12 1.38 46.0 .65 
150 6.50 1.38 46.0 .65 
180 7.86 1.36 45.3 .64 
210 9.18 1.32 44.0 .62 
240 10.45 1.27 42.3 .&J 
270 11.64 1.19 39.7 .56 
300 12.83 1.19 39.7 .56 
330 14.02 1.19 39.7 .56 
360 15.21 1.19 39.7 .56 
390 16.49 1.28 42.7 .56 
420 17.76 1.27 ~ .60 
450 18.91 1.15 38.3 .54 
480 20.10 1.19 39.7 .56 
.Average maximum rates run No. 2: 42.7 mm3/cm2-min,, and 
0. 6o mg/ em2-min. 
Average maximum rates for both runs: 42.0 rnrn3/cm2-min,, and 




It was shown that the reaction betwen sulphuric acid and titanium was 
a straight line ratio, plotted on the basis of the rate o£ dissolution 
of the titanium against the concentration of the sulphuric acid. Rates 
of dissolution were much higher in the sulphuric acid with a.rm:oonium 
fluoride added, than in sulphuric acid alone, and rates of dissolution 
for titanitml as high as 0.61 mg/cm2-min. were obtained in only two 
hdurs time in 6N H2S04 plus 0.1855 grams of NH4F, as compared with 
maximum rates of only 0.04 mg/cm2-hr. af'ter 665 hours in 6N H2S04 
alone, obtained by other investigators 5) using the same Remington 
5) Straumanis, M. E. , and Chen, P. C., The Corrosion of Titanium in 
Acids, Corrosion, 1, 7, 229-237, (1951) 
--------------------------------------------------------------
Arms titanium. Apparently, the ammonium fluoride added to the sulphu-
ric acid, thus forming hydrofluoric acid, attacked the corrosion re-
sistant film on the titanium, removed it and permitted the titanium to 
be much more readily attacked than when subjected to sulphuric aeid 
alone. This would agree with the pore theory of Miller 6), stating 
---------------------------------------------------------------
6) MU:uer, W. J., and IDw. E., Zur Theorie der Korrosienserscheintngeq 
z. Electrochem., ~' 789, (1936) 
that protective films are porous so that the metal is partially pro-
tected by the film and partially exposed through the pores to the 
corroding medium. Then, when the pores become widened as in this case 
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by hydrofluoric aoid dissolving the protective r~, the underlying 
looal cells are exposed to the solution (H2S04) and dissolution speeds 
up. The slope of the curve obtained :from plotting rates or dissolu-
tion against the no~ities of pure H~04 given by Straumanis and 
Chen 4) is ...QQ& between .3N and 4N, • 0081 between 4N and 5N, and .aQ2i 1 1 
. between 5N and 6N H~04. For the straight line relationship between 
the rate or dissolution and normality or H2S04 plus NH4F, the equation 
or· the line is y-1.1.3X -24 • .3 = 0 and the slope is ~. Consequently, 
4 
the rate or dissolution with increasing normalities or H~04 plus 




The Rate of Dissolution of Titanium in a Constant Concentration 
of Sulphuric Acid, with the Addition of Var,ying Amounts ot 
Ammonium Fluoride • . 
As before, the investigation or the rate or dissolution ot ti-
tanium in these acid mixtures was based on the collection and meas-
urement or the hydrogen gas liberated. 
( i) Method and Apparatus; 
The method ot procedure and apparatus for this investigation was 
similar to that used in SECTION A where the rate of dissolution in 
various concentrations or sulphuric acid with the addition of a con-
stant amount ·or ammonium fluoride vas studied. 
(ii) Proce4Yre; 
The procedure used was also similar to that of SECTION A, using the 
same method of collecting the hydrogen evolved in a burette. However 
in this case no tests were run to confirm that titanium is attacked 
by' sulphuric acid after t."ie hydrofluoric acid present has been ex-
hausted. It vas felt that the several tests made previously in 
SECTION A to show this were sufficient. 
Six different concentrations .or ammonium fluoride, 0.1855, 
0.371, 0.742, 1.855, 3.71 and 7.42 grams, were added to 4N H~04 to 
51 
give respectively 1/20N, 1/lON, 1/5N, 1/2U, lN a.rrl 2N strengths of 
hydrofluoric acid in 100 c.c. of solution. Assuming in this case als~ 
as was assumed in SECTION A, it is possible that the reaction 
or 
2NH4F +H2so4~ (NH4) 2 so4 + ZHF (2) 
NH4F+ H~04~ (NH4)HS04 + HF 
goes to completion. 
(iii) Calculations: 
Calculations were made similar to those explained in detail in SECTION 
A, to give the rate of dissolution of the one square centimetre sample 
surface in mrn3/cm2-min. of hydrogen gas evolved and mg/cm2-min. o£ 
titanium dissolved. 
(iv) Results 
It vas seen on plotting the average maximum dissolution rates against 
the concentrations of hydrofluoric acid formed on adding ammonium 
tl.uoride to 4N H2S04, as S1ovn in Figure 4, that the rate o£ dissolu-
tion increased sharply as the amounts or ammonium fluoride added were · 
increased. The rates were lover than those round by M. E. Straumanis 
and P. c. Chen 2) for the dissolution or titanium in hydrotluorie acid 
2) Straumanis, M. E., and ·Chen, P. C., The Mechanism and Rate o£ 
Dissolution ot Titanium in Hydrof'l.uoric Acid, Journal o£ the 
Electrochemical Society, 2a, 6, 234-40, (1951) 
alone, of corresponding strengths. Though both eurves £ollov a sane-
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straight line relationship between the rate o£ dissolution and the 
concentration or the acid, and below 0 .5N NH4F both are curved lines. 
The dissolution rate increased more rapidly in the pure HF than in 
the 4N H2S04 with NH4F added, . the equation or the straight line portio11 
o.f the pure HF curve being y-459 -129 o, and the slope ~; and the 
1 
equation o£ the straight line portion or the 4N H2S04 NH4F curve beine 
y-322w79x -173.9= 0, and the slope ~. Comparing the two slopes, the 
1 
rate or dissolution in pure HF was increasing approximately 30% faster. 
The closest point of agreement between the two curves is at 0.5N HF, 
with a divergence of the curves at values above and below this. From 
the rates of dissolution given in Tables XV to XXII, it was seen in 
all cases that the maximum rate of dissolution was reached quickly, 
generally within the first few readings, then that the rate sus~ained . 
.for a time and .finally gradually decreased. Also in every case, af'ter 
dissolution the titanium sample surface had a dull, pebbley finish. 
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Table XV 
The rate of dissolution of Ti in 4N ~SO 4 plus l./20N NH4F 
Bpp No. 1 
Time Volume !f2 Volume · Rate Rate Temp oc Pressure 
(Min.) (c.c.) (c .c.) (mm3/ cm2-min.Xmg/ cm2-min.) (Av~ Corrected 
20 .60 .60 30.0 .43 21.6 706.6 
40 1.11 .51 25.5 .36 mm Hg 
6o 1~70 .59 ~ ~ 80 2.47 .'71 38.5 .55 
100 3.32 .85 42.5 .60 
120 4.17 .85 42-5 .6o 
140 4.94 .71 38.5 .55 
160 5.62 .68 34.0 .1.8 
180 6.48 .86 43.0 .61 
2oo 7.07 .59 29.5 .42 
220 7.84 .77 ~ .a.l1 
. 240 8.43 .59 29.5 .42 
Awrage maximum rates run No. 1: 
0.545 mg/ cm2-min. 
38 • .38 ~ / cnl--min. and 
rrab1e XVI 
The rate of dissolution of Ti in 4N H2S04 plus l/20N NH4F 
IRun No. 2 
54 
Time Volume H2 Volume · Rate Ra~e Temp °C Pressure (Min.) (e.e.) (e.e.) (mm3/em2-min.Xmg/em -min.) (Avg.) Corrected 
30 .26 .26 8.9 .13 21.4 
w .87 .61 ~ ~ 90 .. 1.73 .86 28.7 .31 
120 2.59 .86 28.7 .31 
150 3.45 .86 28.7 .31 
180 4.32 .87 29.0 .41 
210 5.20 .88 29.3 .42 
240 6.06 .86 28.7 .31 
270 6.93 .87 29.0 ./J. 
300 7.79 .86 28.7 .31 
330 8.57 .78 26.0 .37 
3W 9.35 .78 ~ ~ 
r390 . 10.05 .70 23.3 .33 
~verage maximum rates run No. 2: 28.28 mm3/em2-min. and 
P.353 mg/cm2~. 
llverage maximum rates for both runs: 33.33 mm3/cm2-min. and 





The rate of dissolution of Ti in 4N H2so4 plus 1/lON NH4F 
Run No, 1 
Time Volume H2 Volume Rate Rate Temp oc Correctei 
(Min.) {c,c,) (c,c.) (mm3/cm2-minJ(mg/ciD2-min.) (Avg,) Pressure 
-
.30 1.57 1.57 ;T.) .74 21.25 713.5 
60 3.13 1.56 52.0 .74 mm Hg 
90 4.62 1.49 49.7 .70 
126 6.01 1 • .39 46 • .3 .66 
150 7.60 1.59 53.0 .74 
180 9.19 1.59 53.0 .74 
210 10.71 1.52 50.7 .72 
240 12.19 1.48 49 • .3 .70 
270 13.67 1.48 49.3 .70 
.300 15.15 1.48 49.3 .70 
330 16.55 1.40 ~ 66" ~
360 17.94 1.39 46 • .3 .66 
Run No. 2 
.30 1.46 1.46 '4}3. 7 -:69 21.65 706.85 
60 2.84 1 • .38 46.0 .65 mm Hg 
90 4.18 1 • .34 44.7 .6.3 
120 5.47 1.29 43.0 .61 
150 6.77 1.30 4.3 • .3 .61 
180 7.97 1.20 40.0 .57 
210 9.22 1.25 41.7 .59 
240 10.34 1.12 .37 • .3 .5.3 
270 ll.55 1.21 40 • .3 .57 
-
Average maximum rates for Run No. 1: 
and 0. 709 mg/ cm2-min. 
50.145 ~/err? -min. , 
Average maximum rates for Run No. 2: 
and 0.655 mg/cm2-illin. 
42.78 znm2/ cm2-min., 
Average maximum rates 
and 0. 682 mg/ cm2-min. 
for b:>th runs: 46.46 mm2/ cm2-min., 
Table XVIII 
The rate of dissolution of Ti in 4N ~so4 plus 1/5N NH4F 
RJm Ng 1 J. 
Time Volume H2 Volume . Rate Ra~e Temp °C Pressure 
(Min.) (c.c.) (c.c.) (mm3/cm2-m.inJ6Dgf em -min.) (Avg.) Corrected 
30 3.67 3.67 122.3 1.74 23.35 720.7 
60 7.51 3.84 128.0 1.82 mm Hg 
90 11•22 3.71 123.7 1.76 
120 15.10 3.88 129.3 1.84 
150 19.03 3.93 131.0 ·1.86 
180 22.70 3.67 122.3 1.74 
210 26.36 3.66 122.0 1.73 
240 30.03 3.67 122.3 1.74 
270 33.7 3.67 122.3 1.74 
300 37.1 3.40 113.3 1 •. 61 
330 40.59 3.49 JJ.2....l 1..25. 
- ·-
IRun No .. 2 
30 4.02 4.02 134.0 1:90 22.6 720.4 
60 8.05 4.03 134.0 1.91 mm Hg 
90 12.25 4.20 140.0 1.99 
120 16.54 4.29 143.0 2.03 
150 20.74 4.20 140.0 1.99 
180 25.02 4.28 142.7 2.03 
210 28.87 3.85 128.3 1.82 
240 32.90 4.03 134.3 1.91 
270 36.66 3.76 125.3 1.78 
300 40.51 3.85 128.-3 1.82 
330 44.19 3.6S ~ ~ 
Average maximum rates for Run No. 1: 122.98 mrn3 / cm2-min., and 
1. 7 48 mg/ cm2-min. 
Average max:i.mum rates for Run No. 2: 133.90 mm3/cm2-min., and 
1. 902 mg/ cm2-min. 
Average maximum rates for both runs: 




The rate of dissolution o£ Ti in 4N H~O 4 plus 1/2N NH4F 
Run No. 1 
Time Volume H2 Volume Rate Rate Temp oc Pressure (Min.) (e .e.) (e.e.) (mm3/em2-min.)(mg/em2-min.) (Avg.) Correete:J 
-15 4.88 4.88 325.3 4.62 26.0 700.46 
30 9.84 4.96 330.7 4.69 mm Hg 
45 14.80 4.96 330.7 4.69 
60 19.85 5.05 336.7 4.78 
75 24.89 5.04 336.0 4.77 
90 29.94 5.05 336.7 4.78 
105 34.94 5.00 333.3 4.77 
. 120 39.95 5.01 334.0 4.74 
135 44.82 4.87 324.7 4.61 
150 49.70 4.88 325.3 4.62 
165 54.5.0 4.80 320.0 4.54 
180 59.46 4.96 330.7 4.69 
195 64.25 4.79 Jl2..l L.ll 
Run No .. 2 
15 4.71 4.71 ~ ~ 23.9. 721.3 
30 9.60 4.89 326.0 4.63 mm Hg 
45 14.49 4.89 326.0 4.63 
60 19.47 4.98 332.0 4.71 
75 24.70 5.23 348.7 4.95 
90 29.68 4.98 332.0 4.71 
105 34.57 4.89 326.0 4.63 
120 39.46 4.89 326.0 4.63 
135 44.43 4.97 331.3 4.70 
150 49.32 4.89 326.0 4.63 
165 54.13 4.81 320.7 4.55 
180 59.01 4.88 ~ ~ 
Average maxi.rnum rate for Run No. 1: 329.49 mm3/em2-min., and 
4.679 mg/em2-min. 
Average maximum rate for Run No. 2: 
4.672 mg/e~-min • 
329.09 mm.3/em2-min., and 
..... 
Table XIX Continued 





The rate of dissolution of Ti in 4N H2so4 plus lN NH4F 
Run No. 1 
-- -
Time Volume H2 Volume 3 Ra~ Rat Temp oc Pressure (Min.) (c .c.) (c.c.) {mm /em -min.)~cm in.) (Avg.) CorreciaJ 
10 4.75 4.75 !JJ.!i ~ 25.9 706.7 20 9.68 4.93 493 7.00 mm Hg 
30 14.69 5.01 501 7.11 
40 19.70 5.01 501 7.11 
50 24.96 5.26 526 7.47 
(fJ 30.05 5.09 509 7.23 
70 34.89 4.84 484 6.87 
80 39.73 4.84 484 6.87 
90 44.83 5.10 510 7.24 
100 49.67 4.84 484 6.87 
no 54.76 5.09 509 7.23 
120 59.60 4.84 484 6.87 
130 64.44 4.84 484 6.87 
140 69.45 5.01 501 7.11 
150 74.29 4.84 l&!. 2...a2 
Run No. 2 
10 4.74 4.74 474 6~73 23.85 699.72 
20 9.49 4.75 ill. ~ mm Hg 
.30 14.40 4.91 491 6.97 
40 19.31 4.91. 491 6.97 
50 24.31 5.00 500 7.10 
(fJ 29.14 4.83 483 6.86 
70 34.13 4.99 499 7.08 80 39.13 5.00 500 7.10 
90 44.04 4.91 491 6.97 
100 48.96 4.92 492 6.99 
110 54.04 5.08 508 7.21 
120 58.95 4~91 491 6.97 
1.30 63.86 4.91 491 6.97 
140 68.78 4.92 ~ ~ 
Table XX Continued 
Average maximum rate for Run No. 1: 496.71 mm3/cm2-min., and 
7.051 mg/cm2-min. 
A • 8 3; 2 verage max1DillDl rate for Run No. 2: 494.0 mm em -min., and 
7.015 mg(cm2-min. 
Avera~ maximum rate for both runs: 495.40 mm3/cm2-min., and 




The rate or dissolution or Ti in 4N H2so4 plus 2N NH4F 
Run No 1 l 
Time Volume ¥2 Volume Rate Rate Temp oc Pressure 
(Min.) (c.c.) (c.c.) (mm3/cm2-minJ(mg,/cm2-min.) {Avg.) Corrected 
5 3.73 3.73 746 10~59 24.35 701.3 
10 7.62 3.89 778 11.05 mm Hg 
15 11.f:JJ 3.98 796 11.30 
20 15.67 4.07 aJ.Q lL.i2 
. 25 19.90 4.23 846 12.01 
30 24.22 4.32 864 12.27 
35 28.54 . 4.32 864 12.27 
40 32.86 4.32 864 12.27 
45 37.18 4.32 864 12.27 
50 41.67 4.49 898 12.75 
55 45.99 4.32 864 12.27 
60 50.31 4.32 864 12.27 
65 54.63 4.32 864 ·12.27 
70 59.03 4.40 880 12.50 
75 63.35 4.32 864 12.27 
80 67.93 4.50 916 13.01 
85 72.33 4.40 880 12.50 
90 76.82 4.49 898 12.75 
95 81.31 4.49 ~ Jk2i 
Average maximum rates Run No. 1: 875.20 ~/cm2-min., and 
12.429 mg/ cm2-min. 
Table XXII 
The dissolution _or Ti in 4N H~04 plus 2N NH4F 
Run No 1 2 
Time Volume H2 Volume Rate Ra~ Temp oc Pressure 
(Min.) (c.c.) (c.c.) (~/cm2-min.)(mg/cm -min.) (Avg.) Corrected 
5 3.54 3.54 1Qa J.Q...Q.i 25.3 700.4 
10 7.25 3.71 742 10.54 mm Hg 
15 10.96 3.71 742 10.54 
20 14.67 3.71 . 742 10.54 
25 18.55 3.88 776 11.02 
. .30 22.34 3.79 758 10.76 
35 26.22 3.88 776 11.02 
40 30.01 3.79 758 10.76 
45 33.89 3.88 776 11.02 
50 37.60 3.71 742 10.54 
55 41.47 3.87 774 10.99 
60 45.27 3.80 7f:IJ 10.79 
. 65 49.06 3.79 758 10.76 
70 52.94 3.88 776 11.02 
75 56.82 3.88 776 11.02 
80 60.78 3.96 792 11.25 
85 64.66 3.88 776 11.02 
90 68.54 3.88 776 11.02 
95 72.33 3.79 758 10.76 
100 76.04 .3.71 742 10.54 
105 79.92 .3.88 '12.2 ~ 
Average maximum rates Run No. 2: 763 .SO mm.3 / cm2-min., and 
10.846 mg/ cm2-min. -
Averap maximum rates for both runs: 
11.6.37 mg/cm2-min. . . 
819.5 mm3/cm2-min., and 
(V) Conclusions: 
From the results obtained it is evident the stronger the acid mixture 
was in hydrofluoric acid, formed from anmonium fluoride according to 
reaction (2), the greater was the rate of dissolution. Although the 
rate lagged behind that of pure HF, and lost ground steadily above 
concentrations of 0.5N NH4F~ at which point was the closest agreement 
for the dissolution rate curves of pure HF, and HF formed :from NH4F in 
4N H2S04 solution. As would be expected, the rates of dissolution were 
much greater than could be expected for titanium in sulphuric acid 
PART II 
SECTION C 
The Rate of Dissolution of Titanium in Varying Concentrations 
or Hydrochloric Acid, With the Addition of a Constant Amount 
or Ammonium Fluoride. 
As in the similar investigation conducted with sulp~uric acid, 
the investjgation or the rate or dissolution of the titanium was based 
entirely on the collection and measurement of the hydrogen gas evolve 
(i) Method and Appars.tuss 
The method of procedure and apparatus used in this investigation was 
the same as that used previously in SECTIONS A and B. 
( ii) P,roceciure : 
The procedure used was similar to that employed with sulphurie acid 1 
and tests were also made in this case, to show tm dissolution of the 
titanium continued after the hydrofluoric acid formed from the ammo-
nium fluoride added was exhausted, and that this continued dissolution 
was due to the hydrochloric acid. 
Four different concentrations of hydrochloric acid were used, 
0.5N, 2N, 6N and lON; to each of these 0.1855 grams of ammonium fluo-
ride was added. This was the amount of ammonium fluoride to make the 
100 c.c. of solution l/20N vith respect to HF. Assuming that it is 
possible for the reaction 
NH4F-1-HCl$. (NH4)Cl+ HF (5) 
65 
to go to completion so ·that definite calculations can be made. actu-
ally though, this reaction only comes to equilibrium, as in the case 
of NH4F added to H2S04 in Reaction (2). 
(iii) Results: 
It was seen on plotting the .average maximum dissolution rates against 
the concentrations of the normalities, as shown in Figure 5, that the 
rate or dissolution increased in almost a straight line above 2N HCl, 
while below 2N the line was curved, with the rate dropping orr more 
rapidly as the concentration or HCl decreased. All these rates for 
HCl are nearly double the rates found tor s:fmUar tests with H~4· 
From the rates or dissolution given in Tables XXIII to XXVII, it was 
noticed that the maximum dissolution rate was reached quickly, in all 
cases, then decreased fairly rapidly from there. After dissolution 
all the sample surf' aces had a dull grey, pe bbley tinish. 
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Rate ot dissolution of titanium in different concentrations of HCl nlus 




Rate of dissolution of Ti in 0.5N HCl plus 1/20 N NH4F 
Run No, l 
Time Volume H2 Volume Rate Ra~e Temp oc Pressure 
(Min.) (c.c.) (c.c.) (~ / cm2~in .)(mg/ em -min. ) (A vg. ) Correc'ted 
20 1.64 1.64 82.0 1.16 23.6 714.3 
40 3.03 1.39 69.5 . .99 mm Hg 
60 4.37 1.34 67.0 .95 
so 5.71 1.34 67.0 .95 
100 6.96 1.25 62.5 .89 
120 8.42 1.46 73.0 1.04 
140 9.86 1.44 72.0 1.02 
160 11.07 1.21 60.5 .86 
180 12.28 1.21 ~ .86 
200 13.50 1.22 61.0 .87 
Run No. 2 
-20 1.47 1.47 73.5 1.04 22.5 712.8 
40 2.60 1.13 56.5 .so mm Hg 
60 3.68 1.08 54.0 .77 
80 4.67 .99 49.5 .70 
100 5.71 1.04 52.0 .74 
120 6.75 1.04 52.0 .74 
140 7.62 .87 43.5 .62 
160 8.55 .93 46.5 .66 
180 9.48 .93 ~ .66 
200 10.03 .82 41.0 .58 
Average maximum rates £or Run No. 1: 68.22 ~/cm2-min., ani 
0. 969 mg/ cm2-min. 
Average maximum rates ·£or Run No. 2: 52. 66 mrn3 / cm2-min. , and 
0.748 mg/cm2-min. 
Average maximum rates £or both runs: 
0.858 mg/cm2-min. 




Rate ot dissolution ot Ti in 2N HCl plus l/20N NH4F 
IRun No. 1 
Time Volume !f2 Volume Rate Rate Temp °C Corrected 
(Min.) (c.c.) (c.c.) (mm3/cm2-min.)(m~cm2-min.) (Avg.) Pressure 
-- --20 1.59 1.59 79.4 1.13 25.1 696.57 
40 3.19 1.60 80.0 1.14 mm Hg 
6o 4.53 1.34 67.0 .95 
80 5.87 1.34 67.0 .95 
100 7.29 1.42 71.0 1.01 
. 120 8.64 1.35 67.5 .96 
140 10.06 1.42 71.0 1.01 
160 11.32 1.26 63.0 .89 
180 12.58 1.26 63.0 .89 
200 13.8.3 1.25 ~ _Ji2 
220 15.09 1.26 63.0 .89 
240 16 • .35 1.26 63.0 .89 
260 17.61 1.26 6.3.0 .89 
280 18.87 1.26 63.0 .89 
1170 0 0 0 0 
1190 0.84 0.84 42.0 .6o 
1210 1.55 0.71 35.5 .50 
1230 2.26 0.71 35.5 .50 
1250 ~ 0.67 33.5 .48 
65.63 c.c. ~ 
Average maximum rates for run No. 1: 
0.982 mg/cm2-min. 
69.14 mm.3/cm2-min., and 
Table XXV 
Rate of dissolution of Ti in 2N HC1 plus l/20N NH4F 
Run No. 2. 
68 
Tim3 Volume 1!2 Volume Rate Rate Temp oc Corrected 
(Min.) (c.c.) (c.c.) (mm3jcm2-m:i.n.) {mg.6m2-min.) {Avg.) Pressure 
20 1.53 1.53 76.5 1.09 24.3 703.41 
40 2.97 1.44 72.0 1.02 mm Hg 
60 4.42 1.45 72.5 1.03 
80 5.86 1.44 72.0 1.02 
100 7.31 1.45 72.5 1.03 
·:1.20 8.75 1.44 72.0 1.02 
140 10.03 1.28 64.0 .91 
160 11.30 1.27 63.5 .90 
180 12.58 1.28 64.0 .91 
200 13.68 1.10 55.0 .7S 
220 14.79 1.11 iia.i ..13.. 
240 15.89 1.10 55.0 .78 
260 17.12 1.23 61.5 .87 
280 18.36 1.24 62.0 .88 
300 19.46 1.10 55.0 .78 
320 20.57 1.11 55.5 .79 
1160 0 0 0 0 
1180 .85 .85 42.5 .60 
1200 1.53 .68 34.0 .48 
1220 2.21 .68 34.0 .48 
1240 ~ .68 34.0 .48 
61.03 c;..c. ~ 
Average maximum rates for run No. 2: 
0.954 mg/cm2-min. 
67.22 mm3/cm2-min., and 
Average maximum rates for both runs: 68.18 ~/cm2-min., and 
0. 968 mg/ cm2-min. 
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Table XXVI 
Rate of dissolution of Ti in 6N HC1 plus li20N NH4F 
'Run No. 1 
Time Volume H2 Volume Rate Rate Temp oc Corrected 
(Min.) (c.c.) (c.c.) (mm.31cm2-minJ(mg/cm2-min.) (Avg.) Pressure 
- -20 1.30 1 • .30 65.0 .92 23.1 716.07 
40 .3.00 1.70 85.0 1.21 m.m Hg 
60 4.60 1.6o so.o 1.14 
80 6.08 1.48 74.0 1.05 
100 7.56 1.48 74.0 1.05 
120 8.90 1.34 67.0 .95 
140 10.25 1.35 67.5 .96 
160 ll.47 1.22 61.0 .87 
180 12.68 1.21 ~ .&1 
200 13.81 1.1.3 56.5 .so 
IRun No. 2 
- -20 1.47 1.47 73.5 1.04 22.5 7ll.20 
40 2.94 1.47 73.5 1.04 mm Hg f.J:J 4-41 1.47 73.5 1.04 
80 5.88 1.47 73.5 1.04 
100 7.26 1.38 69.0 .98 
120 8.78 1.52 76.0 1.08 
1.40 10.29 1.51 75.5 1.07 
160 11.76 1.47 7.3.5 1.04 
180 13.14 1 • .38 22a.Q ~ 
200 14.52 1 • .38 69.0 .98 
-
Average maximum rates for run No. 1: 70.44 ~lcm2-min., and 
1.002 mg/cm2~in. 
Average maximum rates for run No. 2: 
1.234 mg/cm2-min. 
73.00 rmrr' I cm2-min. , and 
Average max~ rates for both runs: 71.72 mm.3 I cm2 -min. , and 




Rate of dissolution of Ti in lON HCl plus 1/20N NH
4
F 
Run No 1 l 
Time Volume H2 Volume Rate Rate Temp oc CorreciBJ 
(Min.) (c.c.) (c.c.) (mm3 / cm2-min.Xmg/ cm2-min. ) (Avg.) Pressure 
-20 1.91 1.91 95.5 1.36 22.7 716.6 
40 3.74 1.83 91.5 1.30 mm Hg 
6o 5.66 1.92 96.0 1.36 
80 7.49 1.83 91.5 1.30 
100 9.23 1.74 87.0 1.23 
120 10.97 1.74 87.0 1.23 
140 12.71 1.74 87.0 1.23 
. 16o 14.32 1.61 80.5 1.14 
180 15.93 1.61 80.5 1.14 
200 17.50 1.57 78.5 1.11 
220 19.15 1.65 82.5 1.17 
240 20.72 1.57 1a..i L.U 
26o 22.28 1.56 78.0 1.09 
IBun No. 2 
-- --20 1.56 1.56 78.0 1.11 23.5 714.25 
40 2.94 1.38 69.0 .98 mmHg 
6o 4.15 1.21 6o.5 .86 
80 5.36 1.21 6o.5 .86 
100 6.75 1.39 69.5 .99 
120 8.07 1.32 66.0 .94 
140 9.39 1.32 66.0 .94 
160 10.72 1.33 66.5 .94 
180 11.94 1.22 61.0 .87 
200 13.15 1.21 60.5 .86 
220 14.41 1.26 63.0 .89 
240 15.66 1.25 ~ .&2 
260 16.79 1.13 56.5 .so 
Table XXVII Continued 
Average max~um rates for Run No. 1: 86.33 ~/em2-min., and 
1.223 mg/cm -min. 
Average maximum rates for Run No. 2: 65.25 mm.3/cm2-min., and 
0.927 mg/cm2-min. 





It was shown that hydrochloric acid reacts with titanium on a slowly 
increasing ratio between the rate of dissolution of the titanium and 
the increasing concentration of the hydrochloric acid. Below concen-
tration of 2N HCl~Inf4F the rate of increase is more rapid than with 
concentrations above 2N HCl.,.NH4F. The former being a curve, and the 
latter a straight line ratio. The equation for the straight line 
ratio is y-1.56x-69.16=o, and the slope is !uSt1 • This slope is 
4 
quite close to the slope of ~ found for the straight line relation-
4 
·ship of H~04 plus NH4F. The anmonium fluoride added to the hydro-
chloric acid, and forming HF, permitted the titanium to be mch more 
readily attacked than by HCl alone. Previous investigations 5) had 
5) Straumanis, M. E., and Chen, P. C., The Corrosion of Titanium 
in Acids, Corrosion 1, ?, 229-237, (1951) 
shown titanium to be unattacked by lN HCl at room temperature, as 
compared with a rate of dissolution ot 63 mm3/cm2-min. in 1N HCl plus 




The Rate of Dissolution of Titanium in a Constant Concentration 
of Hydrochloric Acid, With the Addition of Varying Amounts of 
Ammonium Fluoride. 
As in the three previous SECTIONS A, B and c, the rate o£ disso• 
lution o£ titanium was based solely on the collection and measurement 
of the hydrogen gas evolved. The method of procedure and apparatus 
was similar to that used and described in SEC·riON A. 
(i) M3thods and Procedure: 
Six different concentrations of ammonium fluoride were added to 2N 
HCl. The amounts of NH4F being 0.1855, 0.371, o. 742, 1.855, 2. 78 and 
3.71 grams, to give respectively 1/20, 1/10, 1/5, 1/2, 3/4 and 1~ 
strengths with respect to hydrofluoric acid in 100 c.c. of solution. 
Assuming, in this case also, it is possible for the reaction 
NH4F-t HCl: (NH4)Cl + HF (5) 
to go to completion. 
(ii) Results: 
It was seen on plotting the average maximum dissolution rates against 
. the concentrations of hydrofluoric acid formed on adding ammonium 
fluoride to 2N HCl, as shown in Figure 6, the rate of dissolution 
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Rate or dissolution ot titanium in a constant eoneentration or HCl plus 
varyin~ amounts ot NH4F 
73a 
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was greatest with the smaller additions o£ NH4F, then began to flat-
ten out somewhat with larger additions o£ NH4F. As was £ormd in the 
similar investigation when NH4F was added to H2so4, plotting the rate 
o£ dissolution against amounts o£ NH4F added to 2N HCl gave a straight 
line relationship above concentrations o£ 0.5N HF, £ormed £rom the 
NH4F, and a curved line below 0. 5N HF. The dis solution rate was 
greater in 2N HCl NH4F than it was in 2N H2S04 NH4F, (results £or 
2N H~04 plus NH4F from SECTION F) both having NH4F added in increas-
in~ amounts, or in HF alone. From the rates ot dissolution given in 
Tables XXVIII to XXXIII, it is seen that the maximum rate of dissolu-
tion needed a short induction period in concentrations above l/2N with 
respect to HF, but below that concentration the maximum rate was 
achieved almost ~iately. In all cases the-maximum rate was sus-
tained for a considerable time be£ore gradually dropping orr. In each 




~e rate of dissolution of Ti in 2N HCl plus 1120 N NH4F 
Run No. 1 
Time Volume H2 Volume Rate Rate Temp oc Corrected 
(Min. ) ( c • c • ) (c .c.) (mm3 I cm2-min.)(mg/ cm2-min. ) (Avg. ) Pressure 
- --20 1.59 1.59 79.4 1.13 25.1 696.57 
40 3.19 1.60 80.0 1.14 mm Hg 
60 4.53 1.34 67.0 .95 
80 5.87 1.34 67.0 .95 
100 7.29 1.42 71.0 1.01 
120 8.64 1.35 67.5 .96 
140 10.06 1.42 71.0 1.01 
160 11.32 1.26 63.0 .89 
180 12.58 1.26 63.0 .89 
200 13.83 1.25 ~ .....a2 
220 15.09 1.26 63.0 .89 
.IRun No._ 2 
20 1.53 1.53 76.5 1.09 24.3 703.41 
40 2.97 1.44 72.0 1.02 Dllll Hg 
60 4.42 1.45 72.5 1.03 
so 5.86 1.44 72.0 1.02 
100 7.31 1.45 72.5 1.03 
120 8.75 1.44 72.0 1.02 
140 10.03 1.28 64.0 .91 
160 1~~30 1.27 63.5 .90 
180 12.58 1.28 64.0 .91 
200 13.68 1.10 55.0 .78 
-220 14.79 1.11 2.i.j ~ 
240 15.89 1.10 55.0 .78 
Average maximum rates for Run No. 1: 69.14 mm3 I cm2-min. , and 
O. 982 mg/ cm2-min. . 
Awrage maximum rates for Run No. 2: 67.22 mm31cm2-min., and 
0. 954 mg/ cm2-min. 




The rate of dissolution of Ti in 2N HCl plus 1/lON NH4F 
Run Ng 1 l 
Time Volume ?2 Volume Rate Rate Temp oc Correc-ted 
(Min.) (c.c.) (c.c.) (mm3/cm2-m.in.)(mg/cm2-min.) (Avg.) Pressure 
- -10 1.55 1.55 1.55 2.20 23.3 709.3 
20 3.10 1.55 1.55 2.20 mm Hg 
30 4.81 1.71 1.'71 2.43 
40 6.28 1.47 1.47 2.09 
50 7.74 1.46 1.46 2.07 
(:fJ 9.29 1.55 1.55 2.20 
10 10.75 1.46 1.46 2.07 
80 12.12 1.37 1.37 1.94 
90 13.54 1.42 1.42 2.02 
100 14.96 1.42 1.42 2.02 
no 16.51 1.55 1.55 2.20 
120 17.89 1.38 1.38 1.96 
130 19.35 1.46 1.46 2.07 
140 20.81 1.46 ~ 6..&2 
150 22.27 1.46 1.46 2.07 
Run NS2 1 ' 
- -10 1.57 1.57 157 2.23 22.5 717.6 
20 3.14 1.57 157 2.23 mm Hg 
30 4.71 1.57 157 2.23 
40 6.28 1.57 157 2.23 
50 7.85 1.57 157 2.23 
60 9.33 1.48 148 2.10 
70 10.82 1.49 149 2.12 
80 12.30 1.48 14.8 2.10 
90 13.70 1.40 140 1.99 
100 15.26 1.56 156 2.21 
no 16.66 1.40 140 1.99 
120 18.06 1.40 140 1.99 
130 19.54 1.48 !!& 2.10 
140 20.85 1.31 131 1.86 
Table XXIX Continued 
Average maximum rates 
2.110 mg/cm2-min. 
for Run No. 1: 148.64 ~/cm2-min., and 
Average maximum rates for Run No. 2: 150.31 mm3 /cm2-min., and 
2.135 mg/cm2-min. 
Average maximum rates for both runs: 149.48 rnxn3 /cm2-min., and 
2.123 mg/cm2-min. 
Table XXX 
The rate of dissolution of Ti in 2N HCl plus l/5N NH4F 
Run No. 1 
Time Vo1um~ Volume 
(Min.) (c.c.) (c.c.) 
10 2.27 2.27 
20 4.54 2.27 
30 6.31 2.27 
40 9.08 2.27 
50 11.35 2.27 
60 13.62 2.27 
7o 15.39 2.27 
30 18.07 2.18 
90 20.30 2.23 
100 22.52 2.22 
110 24.79 2.27 
120 27.06 2.27 
Run No. 2 
10 2.36 2.36 
20 5.08 2.72 
30 7.62 2.54 
40 10.16 2.54 
50 12.79 2.63 
60 15.42 2.63 
70 17.93 2.51 
80 20.45 2.52 
90 22.95 2.50 
100 25.32 2.37 
110 27.86 2.54 
120 30.40 2.54 
130 32.85 2.45 
140 35.30 2.45 
150 37.76 2.46 
16o 40.21 2.45 
Rate Rate Temp oc Corrected 
(mm3/cm2-min.)~cm2~in.) (Avg.) Pressure 
227 3.22 21.6 715.9 











236 1....li 21.7 718.72 















Table XXX Continued 
Average maximum rates for Run No. 1: 225. 5 mm3 / cm2-min. , and 
3.20 mg/ cm2-min. 
Average maximum rates for Run No. 2: 252.33 mm3/cm2-min., and 
3. 583 mg/ cm2-min. 





The Rate or dissolution or Ti in 2N HCl plus l/2N NH4F 
!Run No .. 1 
Time Volume H2 Volume Rate Rate Temp oc Correcied (Min.) (c.c.) (c.c.) (mm3 / cm2-minJ (mg/ cm2-min. ) (A vg. ) Pressure 
10 4.78 4.78 ~ 6.79 26.2 710.79 20 9.72 4.94 494 7.01 mm Hg 
30 14.84 5.12 512 7.27 
40 19.87 5.03 50.3 7.14 
50 24.91 5.04 504 7.16 
60 .30.20 5.29 529 7.51 
70 35 • .31 5.ll 511 7.26 
80 40 • .35 5.04 .504 7.16 
90 45.38 5.0.3 50.3 7.14 
100 50.3.3 4.95 495 7.0.3 
llO 55.27 4.94 494 7.01 
120 60.22 4.95 495 7.0.3 
130 65 • .34 5.12 2l2. 'L2.1. 
Hun No .. 2 
-10 4.51 4.51 451 6.40 24 • .3 717.91 
20 9.28 4.77 477 6.77 mm Hg 
.30 14.1.3 4.85 485 6.89 
4D 18.81 4.68 468 6.65 
50 23.58 4.77 477 6.77 
6o 28.26 4.68 468 6.65 
70 .32.86 4.6l:J 460 6.5.3 
80 .37.45 4.59 459 6.52 
90 42.14 4.69 4{fi 6.66 
100 46.64 4.50 450 6 • .39 
llO 51.15 4.51 451 6.40 
120 55.66 4.51 ~ ~ 
Table XXXI Contirmed 
Average maximum rates f'or Run No. 1: 504.67 mrn3/cm2~n., and 
7.166 mg/ cm2-min. 
Average maximum rates for l:mt No. 2: 463.86 mm3 /cm2-min., and 
6.585 mg/cm2-min. 
Average maximum rates :for both runs: 4S4.25 rnm3/cm2-min, and 




The rate ot dissolution ot Ti in 2N HCl plus 3/ lJ1 ~F 
Run Ng 1 l. 
Time Volume H2 Volume Rate Rate Temp OC Correcta:l 
(Min.) (c.c.) (c. c.) (mm3/cm2-min.)(mg/cm2-min.) (Avg.) Pressure 
5 2.94 2.94 ~ 8.35 22.9 713.34 
10 6.06 3.12 624 8.86 mm Hg 
15 9.18 3.12 624 8.86 
20 12.21 3.03 606 8.60 
25 15.15 2.94 588 8.35 
30 18.10 2.95 590 8.38 
35 21.04 2.94 588 8.35 
40 23.90 2.86 572 8.12 
45 26.93 3.03 606 8.60 
50 29.79 2.86 572 8.12 
55 32.73 2.94 588 8.35 
6o 35.68 2.95 590 8.38 
65 .38.62 2.94 588 8.35 
70 41.74 3.12 ~ ~ 
Run No. 2 
5 2.41 2.41 ~ - 6.84 23.55 712.0 
10 5.17 2.76 552 7.84 mm Hg 
15 8.11 2.94 588 8.35 
20 10.87 2.76 552 7.84 
25 13.54 2.67 534 7.58 
30 16.39 2.85 570 8.09 
35 19.14 2.75 550 7.81 
40 22.08 2.94 588 8.35 
45 24.84 2.76 552 7.84 
50 27.60 2~76 552 7.84 
55 30.37 3.77 554 7.87 
6o 33.12 2.75 550 7.81 
65 35.88 2.76 ~ 1...M 
Table XXXII Continued 
Average ma.xirrrum rate for Run No. 1: 596.29 mm3/em2-min., and 
8.466 mg/em2-min~ 
Average ~rate for Run No. 2: 557.83 ~/cm2-min., and 
7. 922 mg/ em -min. 
Average maximum rate for both runs: 577.06 mm3/em2-min., and 




The rate of disso1utio~ of Ti in 2N HCl plus 1N NH4F 
Run No 1 J. 
Time Volume H2 Volume Ra. te Ra~e Temp oc Correcte:5 (14in.) (c.c.) (c.c.) (mrn3lcm2-min.)(mg/cm -min.) (Avg.) Pressure 
10 5.88 5.88 588 8.35 21.9 710.09 
15 9 • .34 .3.46 692 2.JU mm Hg 
20 12.80 3.46 692 9.83 
25 16.35 .3.55 710 10.08 
30 19.89 .3.54 708 10.05 
35 23.44 3.55 710 10.08 
4P 27.07 3.63 726 10.31 
45 30.88 .3.81 762 10.82 
50 34.68 3.80 7€XJ 10.79 
55 38.23 3.55 710 10.08 
60 41.69 3.46 224 ..iJtl 
Run No 1 2 
- -5 3.28 3.28 656 9.31 22.4 709.51 
10 6.64 3.36 672 9.54 mm Hg 
15 10.01 3.37 674 9.57 
20 13.46 3.45 690 9.80 
25 16.74 3.28 656 9.31 
30 20.19 3.45 690 . 9.80 
35 23.1+7 3.28 656 8.31 
40 26.83 .3.36 672 9.54 
45 30.20 .3.37 674 9.57 
50 33.48 3.28 656 9.31 
Average maximum rates for Run N'o •. 1: 
10.21 mg/cm2-min. 
718.88 mm3 I cm2-min. , and 
Average maximum rates for ·Run No. 2: 
9.506 mg/cm2-min. 
669.60 mm3 / cm2-min. , and 




From the results obtained it is evident the stronger the acid mixture 
was in hydrofluoric acid, formed from the armnonium fluoride, the 
greater was the rate of dissolution. The rate of dissolution increas-
ed more rapidly with concentrations of NH4F up to 0. 5N, then gradually 
tapered off, although still increasing. The rates of dissolution were 
much greater than .for titanium in hydrochloric acid alone, as HCl by 
itself does not attack tit~~ium at room temperatures in concentrations 
below 2N HCl according to Straumanis and Chen. 5) The slope of the 
straight line relationship between the rate of dissolution and concen-
tration of 2N HCl plus NH4F (Normal) above 0.5N was 200, and .for the 
.4 
----------------------------------------------------------
5) Straumanis, M. E., and Chen, P. c., The Corrosion of Titanium in 
Acids, Corrosion 2, 7, 229-237, (1951) 
similar relationship with 2H2S04 + NH4' the slope was also ~ • 
. 4 
The .fact that the rate of dissolution of titanium in 2N HCl 
plus NH4F was .found to be somewhat greater than the rate of dissolu-. 
tion in HF alone may have several explanations. One is that HCl· is a 
strong acid, and being such it is possible that the reaction 
goes very nearly to completion; much more so than in the case of NH4F 
added to a weaker acid H2S04. The values .for the rate of dissolution 
86 
or Ti in HF were taken from a work by Straumanis and Chen 2), and 
2) Straumanis, M. E. and Chen, P. c., op. cit. p. 239 
their data with the data from this investigation on the rate of disso-
lution or 'ri in HCl plus NH4F, both being within their res~ctive ex-
perimental error limits, could give such a discrepancy. Then, it 
might be possible that the variation in rates of dissolution was due 




The Ettect or Addition Agents on the Rate or Dissolution or a 
Titanium Electrode in lN HF. 
(i) Method. Apparatus and Procedm:,e: 
The rate or dissolution was computed solely from the amount of H2 
evolved, and the method, apparatus and procedure was similar to that 
described in previous tests made on rates of dissolution. Tm one 
innovation being the addition agent was not added until the dissolut~ 
rate of Ti in lN HF alone had passed its maximum. The addition agents 
were dilute ptC14, 10 c.c. 2% agar-agar, and 2 c.c. 2% agar-agar so-
lutions. 
( ii) Results s 
The results obtained are given in Tables XXXIV to XXXVI, am show that 
the rate of dissolution increased greatly with additions or FtC14 
while it decreased with additions of Agar-Agar. The percentage of 
rate of increase with the ptC14 added was 220.5%, and the percentage 
decrease of rate was 17.2% with 10 c.c. 2% agar-agar, and 5 • .32% with 
2 c. c. 2~~ agar-agar. 
87b 
Table XXXIV 
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1 c. c. dilute Ptcl4 added 
Percentage of increase in rate or dissolution, 
1638.7-511.3 ~ d • 
511•3 x lOOto = 220.5JO J.ncrease 
S'Zc 
Table XXXV 
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10 c.c., 2% Agar-Agar 
Percentage or decrease in rate or dissolution . 
555.3-467.3 x 100%=17 2% decrease 555.3 • 
87d 
Table XXXVI 
The rate ot dissolution ot· Ti in lN HF plus 2 c .c., 2% Agar-Agar 
Time Volume H2 Volume Temp oc Pressure (Min.) (c.c.) (c.c.) (Avg.) Corrected 
15 6.35 6.35 22.0 714.83 
30 14.10 7.75 mm Hg 
45 22.11 8.01 
6o 30.2 8.09 
75 38.21 8.01 
90 ··46.57 8.36 
105 54.83 8.26 
120 62.93 8.10 
135 71.02 8.09 
150 79.29 8.27 
--
15 7.83 7.83 2 c.c., 2% Agar-Agar 
30 15.58 7.75 
45 23.15 7.57 
6o 30.81 7.66 
75 38.3 7.49 
Percentage ot decrease in rate ot dissolution 
. 8.27-7.83 
8.27 X 100% :. 5. 32% decrease 
87e 
(iii) Conclusions: 
It can be concluded that the FtCl4 was reduced to fine metallic plat-
inum according to the reaction, 
FtCl4 + 4TiF3~ Pt + TiCl4 + 3TiF4 (6) 
These fine platinum particles partially precipitated on the surface of 
the Ti forming minute local cathodes with low overvoltage on Ti and 
consequently accelerating the rate or dissolution. 
The agar-agar in solution acted in the reverse manner, coating 
the minute .local cathodes formed by impurities on the Ti and blan-
keting their effects, to decrease the rate or dissolution (see page 
160). 
87£ 
The Effect of Addition Agents on the Potential of a Titanium 
Electrode in Hydrofluoric Acid. 
The apparatus used was similar to that described in Chapter F 
for the measurement of the potential of a titanium electrode in a 
beaker in air, and consisted of the titanium electrode, a potentio-
meter, and an agar-lN KCl bridge with a calomel half cell. 
The procedure followed was to read the potential of the tita-
nium electrode in lN HF alone until a constant potential was reached, 
then add the addition agent and note any change in potential measure-
ments. The addition agents added were: 0 .1M AuCl4, 0 .1M CuSO 4' 
O.lM NiS04, O.lM PbN03, O.lM FeS04, O.lM I-1g{C2H302)3, and O.lM PtiCl4. 
The results obtained .from these tests show that there vas no 
change in potential measurements of the titanium electrode after the 
addition agents were added to the lN HF electrolyte, except with the 
pt Cl4 where. the potential rose to a considerab~y less negative po-
tential, then dropped back to a steady negative potential less neg-
ative than that first recorded in lN HF alone. 
In several instances a dark precipitate was formed after the 
addition agent was added. 
The results for Ptcl4 are given in Table XXXVII. 
87g 
Table XXXVII 
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As titanium trifiuoride is reducing in nature, it would be expected 
in the cases of Au 01.3, Cu S04, Pb( NO~ and Pt Cl4 that the addition 
agents were reduced .to fine metallic particles of the respective met.al::i 
As an example, in the case of Ft 014 this reaction would be, 
pt Cl4 + 4TiF.3~ pt + Ti Cl4 -t .3TiF 4 ( 6) 
In the solutions where precipitates were .fonned, the precipitates 
would be due to sufficient metal particles being in suspension to 
colour the acid solution and turn it dark. In the case of NiS04, 
Fe S04 and Mg(C2H.302)2 additions, where no precipitates were .formed, 
the Ti itself may have reduced the nickel or iron ions to the metallic 
state on the surface of the titanium. 
Only in the case of FtCl4 additions did the platinum particles 
that partially pricipitated on the Ti electrode surface, in the manner 
)pt.,.++-t + 4Ti ~ 4Ti +H + .3Pt( on Ti) (7) 
have any effect on the potential measureroonts. The potential .first 
rising considerably, then as the platinum particles started to sepa-
rate .from the Ti surface, decreasing the rate of dissolution, the 
potential dropped again to a constant value. 
PART II 
SECTION F 
Potential Measurements and Dissolution Rates of Titanium in 
a Constant Concentration ot Sulphuric Acid With the Addition 
ot Varying Amounts ot Ammonium Fluoride. 
8S 
The measurement of the potential at the surface of a metal whidl 
is actually .?orroding, and therefore not in equilibrium with t.lte liq-
uid, of'ten gives much information regarding t.lte corrosion process, 
according to U. R. Evans 4) • The procedure followed in the series · ot 
4) Evans, Uliok R., Metallic Corrosion Passivity and Protection, 
Longmans, Green and Co., New York, 757, (1948) 
investigations to be described was to run tests ot the rate of disso-
lution with simultaneous potential measurements, and then to attempt 
a coz:relation between the two. 
(i) Method ap<t Apparatus : 
The apparatus for this series of investigations is shown in Figure 7, 
and included t.lte same thermoregulated water bath, stirring mechanism, 
and burette to catch the evolved hydrogen gas, as was used to inves-
tigate the dissolution rates of titanium in sulphuric ani hydrochloric 
aoids with added aumonium fiuoride. However, in this ease the tlask 
used was slightly different, and vas a speciallr blown, 200 c. c. 
p 
88a 
a - Ti electrode 
b - capillary tube from calomel cell 
c - paraffin lined flask 
k - calomel cell 
p - potentiometer 
Figure 7 
Apparatus for potential-measurements of 
Ti electrode. Plan section shown of flask 
with stirring mechanism removed. 
Erlenmeyer flask, coated inside · with paraffin wax to. resist any attack 
by hydrotl.uoric acid. The f'lask had two side openings, through one c£ 
which the titanium electrode could be inserted, and through t.~e other 
a glass capillary tube which was joined to a halt cell. The flask alsc 
had a funnel and valve con.Ylected to it. vertically. When the valve was 
closed, and the rubber stoppers supporting· the titanium electrode and 
capillary tube were in place, the tlask ~ air tight. 
Remington Arms titanium was used tor the electrode, and the 
size was two square centimetres, 1.414 centimetres to a side. The 
sample was embedded ~n Bakelite with a titanium surface of 2 sq. em. 
exposed. A handle about 1 em. long and 2 mm. wide was left projecting 
from one side of the electrode, and out through the Bak~lite. A small 
hole was drilled through the handle near its outer end, and through 
. this a copper lead wire vas soldered to give a secure contact. The 
handle or the electrode was fitted into one end o.f a· short piece of 
glass tubing bent at right angles, with the copper lead wire passing 
thro~gh and out the other end of the tube. A one . holed rubber stopper 
on the glass tube fitted one of the openings in the side of the 
Erlenmeyer flask and held the electrode in place inside the flask. 
The glass tube was bent to project above the water surface of the 
constant temperature water bath. ·To protect the junction at the han-
dle of the electrode, "de Khotinsky cement" was used to seal off the 
lower end of the glass tube. This prevented any acid used during the 
tests from leaking into the glass tube, attacking the copper lead 
wire, and destroying the electrical contact. 
e 
a - Ti surface 
b - bakelite mounting 
c - de .Khotinsky cement seal 
d - connecting joint 
e - glass tube 
r - copper wire 
Figure 8 




The lN calomel half cell used was prepared according to the spec-
ifications given by W. G • . Palmer 7), and checked against a standard 
Weston cell also prepared according to Palmer 6) The potentiometer 
7) Palmer, W. G., Experimental Physical Chemistry, Cambridge 
University Press, 202-205, 214-215, (1941) 
used was· a "Portable Precision Potentiometer" with an internal gal-
vanometer, made by the Rubicon Company of Philadelphia. The potentio-
~ter had two scale ranges, 0 to 3.22 volts and 0 to 0.161 volts. 
The set-up for the investigation of potential measurement con-
sisted then of a cell of Tilacid+N~FflN KCljlN KCl, Hg2Cl2IHg, and 
a potentiometer by which the voltage of the cell in question could be 
measured.. Hence, the potential developed between the interface of the 
Ti metal and the acid solution could be calculated. 
To insure a good contact between the Ti surface and the lN 
calomel half cell, a glass tube was bent into a fiat "U" shapa, with 
one'end drawn to a fine open tip, and the other end spread to form a 
sort of a f\umel. Next a solution of lN KCl containing Agar-Agar was 
heated until quite fluid, then sucked into the glass tube and al.lo~d 
to harden into a jelly. The tip of the electrode was kept in a moist 
atmosphere to prevent the jelly froir;l drying and shrinking excessively 
away from the tip. The fine tip was pressed against the surface of 
the titanium so that the Agar-Agar jelly, containing lN KCl, protru-
ding from it made a contact, and the open end of the calomel half cell, 
1 
so containing lN KCl, was pushed into the jelly at the f'unnel end of 
the capillary tube. This Diade a contact from the Ti sample, through 
the agar-agar jelly containing lN KCl, to the calomel h'llf cell. A 
one holed rubber stopper fitted on the capillar,r tube held it in place 
in the Erlenmeyer flask's second opening. Both the glass capillary 
tube and the glass tube supporting the Ti electrode were coated with 
paraffin t~ protect them :from attack .by hydrofluoric acid. 
(ii) _!lrocedure: 
FireJt, the standard cell incorporated in the Portable Precision Poten-
tiometer was checked against the standard Weston cell, which in turn 
had been compared f'or accuracy with other standard cells, and was famd 
to be satisfactory. Then the whole arrangemE!lt--potentiometer, jelly 
tilled capillary tube, and calomel half cell-was cheeked with a zinc 
electrode or pure standard zinc in equilibrium with 1M ZnS04 solution, 
and also round to be satisfactory on comparing the normal electrode 
potential obtained with that given in the literature. This test was 
carried out in the tollowlng manner. The zinc electrode was immersed 
in a solution of 1M ZnS04 contained in a beaker and exposed to air, 
and the copper lead wire connected to it attached to the negative pole 
of the potentiometer. Then the capillar,y tube tip was pressed against 
the zinc electrode in the solution, the calomel half cell joined to 
the capillary tube, and the copper lead wire from the half cell con-
nected to the positive pole or· the potentiometer. In effect, a cell 
of Znl lll ZnS04JlN KClflN KCl, Hg2Cl2fHg was set ~p, and the potential 
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~ad directly from the potentiometer. The temperature was also record-
ed so that the potential o·f the normal calomel cell at this particular 
temperature could be computed and subtracted to reduce the potential 
of the zinc to the hydrogen electrode seale, and in all cases the po-
tentials listed are in this standard h~rogen scale. 
A rev preliminary qualitative tests were made with the sSllle 
arrangement, but the electrode was titanium and the solution 2N sul-
phuric acid. It was also necessary to reverse the poles, taking the 
Ti to the positive pole of the potentiometer, as the Ti was more noble 
th&.n the calomel half cell. This test was used before each run thatgl-
out this whole investigation, as a cheek on whether the Ti electrode 
and jelly filled capillary tube were alive and behaving .normally. 
Next, ammonium fluoride vas added to the 2N H2S04 in amunts to 
make the solution 1/lON, l./5N, l/2N and lN with respect to hydrof'llloric 
acid, and the potential read tor each case. These tests were made with 
a Ti electrode which had been standing in air for 8 to 10 months, and 
on a ,Ti electrode with a surface freshly polished with emery paper, 
with no appreciable difference in potentials being noticed, except 
with the 21~ H~04 alone. When NH4F was added, the Ti electrode no.v 
became less noble than the calomel half cell, . and the leads to the 
potentiometer had to be reversed so that the Ti was connected to the 
negative pole and the half' cell to the positive pole. 
Quantitative tests were now made with simultaneous readings or 
pote~tial and rate or dissolution, using 2N H~04 throughout and add-
ing sufficient NH4F to give solutions respectively l/20N, 1/lON, l/5N, 
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l/2N, lN, 2N, and 4N with respect to HF, as assumed in equation (2) • 
Almost the same proeedure was followed as was carried out while 
investigating only the rates of dissolution, and described in SECTION 
A, but with a few alterations. The electrode was inserted through one 
of the side openings in too Erlenmeyer .flask, am the jelly filled 
cap:Ulary tube through the other opening and manoeuvered so that the 
tip of the tube pressed firmly against the Ti electrode. The rubber 
stoppers on both glass tubes held them in the Erlenmeyer openings 
securely, brit to make doubly sure there was no leakage of hydrogen gas 
here, both rubber stoppers were now coated with para.ffin to seal any 
possible openings. The manner in which the H2 gas evolved was col-
lected, was similar to that used before. The stirring p_rocedure was 
somewhat different, in that the Ti electrode remained stationary 
throughout the test; and an ebonite paddle fitted to the ebonite end 
of the rotating mechanism revolved in the acid mixture above the elec-
trode, washing the hydrogen formed o.f.f the electrode sur.face and stir-
ring :the acid mixture. The U,O c.c. of H~04 added to the flask was 
sufficient to completely cover the Ti electrode and capillary tube. A 
potential reading was taken at this time as a check on whether the 
electrode and jelly filled capillary tube were reading satisfactorily. 
The necessary amount o.f NH4F to give the required normality w~ 
respect to HF for the particular test being made, in 160 c. c. o.f solu-
tion, was dissolved in 10 c.c. o.f 4N H2S04, and the total volume 
brought up to 20 c. c. with distilled water. This took care of the 
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problem or allowing for contained water in the NH4 F, ·and also assured 
the addition being made was 2N H~04. The total volume of 160 c.c. in 
the tlask immersed the ebonite paddle. The 20 c.c. ot 2N H2S04 con-
ta1ning the ammonium f"luoride was now poured into the tlask, the stop-
cocks were closed, the rotating mechanism turned on at 200 r.p.m. and 
simultaneous readings or hydrogen gas evolved, and potential measure-
nents taken at 10 minute intervals. 
Three runs wre also made using 160 c.c. of pure 0.5N, 2N and 
3N HF alone;· for a comparison. They wre conducted in exactly the 
saine way except the apparatus was first tlushed with nitrogen, then 
the whole 160 c.c. of HF acid added to the flask, the stopcocks closed 
and the run begun. 
(iii) CalculatioM: 
The calculations for the rate or dissolution are the same as t,.~ere U-
lustra ted in SECTION A, ·on the rate of dissolution of titanium in sul-
phuric acid. 
Corrections to reduce the potential. measurements to the hydro-
gen electrode scale were made according to J.filler and Reuther 8), and 
8) Miller, F. and Reuther, H., Zeitschrirt ~ Elektrochemie, 1.2, 
4o/7-9, {1943) 
an example of this correction is as follows. 
The potential .for the nonnal calomel cell at 25° C::. 0.2807 volts. 
The correction factor for temperature given by Mnller is, 
0.2807-0.00028(Temp °C-25) 
Taking results from Table XL as an example. 
Average temperature of run = 21.7° C 
Correction to give the po-
tential o.f the hal.f cell at 
21.7° c = 0.2807-0.00028(21.7-25) 
= + 0.282 vol.ts. 
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In table XXXVI after 200 minutes, t..he potential recorded= -o.854 vol 
Reducing this to the hydrogen scale (-0.854+ 0.282) 
= -0.572 volts. 
Therefore, the actual potential recorded is reduced by the potential 
of the norm8l calomel cell to give a potential corrected to the hydro-
gen electrode scale of potentials at 25° C. 
(iv) Results: 
The results are given in Table XXXVIII for the preliminary qualitative 
tests made in air with a Ti electrode in a solution o.f 2N H2S04, 2N 
H2S04 with NH4F added to give 1/lON, l/5N, l/2N and IN solutions with 
respect to HF. From these results it is readily seen that as the NH4F 
is added in increasing amounts, the Ti electrode becomes progressively 
less. noble. 
The results of the tests with simultaneous measurements of po-
tential and rate of dissolution are recorded in Tables XXXIX to LI. 
For every run, the corrected potentials obtained with each different 
rate of dissolution during the run were averaged, to have an average 
potential corresponding to a certain rate o.f dissolution, and these 





















O.SN HF 2 N HF JN Hr' 
-~--------------------- ~00-0.-. -0--0-0---0-- ~ ~ ..;_----------- __ .e,_ ----- -0-~--e- . 
Fi~re 9 
Potential measurements and dissolution rates of Ti electrode in 2N H2S04 plus NH4F, 
and pure HF. 
Rate of dissolution -
Potentials at this rate of dissolution 
Average potential 
Potential corrected to H2 scale at 250 C 
21.5 mm3/cm2-min. 
-.856, -.855, -.853, 
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-.854, -.853, -.853, -.852 
and -.852 volts -
-.8522 volts 
-.572 volts 
Therefore, the potential corresponding to a dissolution rate of 
21.5 mm3/cm2-min. is -.572 volts (corrected to H2 scale). 
Two_ main things are readily se_en from Figure 9. Firstly, the potential 
of the titanium becomes more negative as the amount of N~F is increas-
ed, and secondly that the potential becomes more negative as the rate 
of dissolution increases. The runs made in HF alone show that while 
the rate of dissolution increases with the increasing strength of the 
hydrofluoric acid, the potential of the Ti electrQde is unt"llanged. 
With the amount of NH4F added to 2N H~04 to give a 4N solution with 
respect to I-IF, the results become erratic although the potential still 
decreases, and the rate of dissolution remains· roughly the same as 
when the amount of lf.H4F added gave a ·2N solution with respect to HF. 
Results were also plotted with still greater concentrations of 
NH4F than 4N NH4F in Figure 9 of potentials and rates of dissolutions 
in SECTION E, and while the potential continued to become less noble, 
the rate of dissolution dropped radically, and the results on tre whcile 
were quite erratic. 
Table XXXVIII 
Potential measurements for Ti electrode 
Preliminary Qualitative Tests 
Solutio; Temp o_Q 
* 2N H2S04 24.0 2N H2so4 1/lON NHfF 23.8 2N H2so4 l/5N ~4 22.0 2N iaso4 l/2N NH4F 22.0 
.. 2N 2so4 IN NH4F 21.7 
* 2N H2S04 24.4 2N H?304 1/lON NH~F 24.3 
2N H2S04 l/5N NH4 22.8 
2N H?304 l/2N NH( 23.0 












* Ti electrode had been sta..'lding in air for 8-10 months 





Potential measurements and rate or dissolution or Ti in 2ll H2so4 plus l/20N NH4F · . 
Time Volume H2 Volume Rate Potential Ti Temp oc Corrected 
(Min.) (e.e.) (e.e.) (~/e~-min.) {Volts) (Avg.) Pressure 
10 1.20 1.2 ~ . ..;. .837 22.0 706.7 
20 1.9S .78 39.0 - .849 mm Hg 
30 
.. 
2.75 .77 38.5 - .859 
40 3.44 .69 34.5 - .86o 
50 4.22 .78 39.0 - .861 
60 5.03 .81 40.5 - .859 
70 5.85 .82 41.0 
- .858 
80 6.54 .69 34.5 - .859 
90 7.23 .69 34.5 - .858 
100 7.83 .• 60. 30.0 - .858 
llO 8.52 .69 34.5 - .858 
120 9.12 .60 30.0 - .857 
130 9.64 .52 26.0 - .857 
140 10.15 .51 25.5 - .857 
150 10.58 .43 21.5 - •856 
160 11.01 .43 &L.i - .855 
170 11.53 .52 26.0 - .855 
180 12.05 .52 26.0 - .855 
190 12.56 .51 25.5 - .854 
200 13.08 .52 26.0 - .854 
210 13.51 .43 21.5 - .854 
220 13.94 .43 21.5 - .853 
230 14.46 .52 26.0 - .853 
240 14.89 .43 21.5 - .853 
250 15.40 .51 25.5 - .853 
260 15.83 .43 21.5 - .853 
270 16.26 .43 21.5 - .852 
280 . 16.69 .43 ·21.5 - .852 
Average maximum rate or dissolution: 32.70 mm?/cmf-m±n. 
Dissolution rate: 21.5 26.0 30.0 34.5 39.0 41.0 




Tabl.e n. . . { . lV,; 
/) 4Je~O.:· 
Potential measurements and rate or dissolution or Ti in 2N ~so 4 plus 1/lON NH4F 
Run No. 1 
Time Volume H2 Volume Rate Potential Ti Temp oc Cbrreeted 
(Min.) (e.e.) (c.c.) (mm3/cm2-m.n.) (Volts) (Avg.) Pressure 
10 .69 .69 ~ ·- .869 21.7 
20 1.73 1.04 50.2 -.888 
30 ·• 2.59 .86 43.0 -.890 
40 3.63 1.04 50.2 -.889 
50 4.66 1.03 50.15 -.889 
60 5.61 .95 47.5 -.889 
70 6.65 1.04 50.2 -.889 
80 7.77 1.12 56.0 -.890 
90 8.81 1.04 50.2 -.888 
100 9.85 1.04 50.2 - .889· 
110 10.75 .90 45.0 -.887 
120 11.83 1.08 50.4 -.889 
130 12.87 1.04 50.2 -.888 
140 13.91 1.04 50.2 -.888 
150 14.86 .95 47.5 -.888 
160 15.89 1.03 50.15 - .. 889 
170 16.84 .95 47.5 -.ass 
180 17.S8 1.04 50.2 -.888 
190 18.83 .95 47.5 -.888 
200 19.86 1.03 50.15 -.887 
210 20.81 .95 47.5 - .8S7 
220 21.76 .95 47.5 - .8S7 
230 22.71 .95 47.5 -.888 
240 23.75 1.04 50.2 - .88S 
250 24.70 .95 47.5 -.890 
260 25.57 .87 &l..i - .S87 
Average maximum rate or dissolution: 48.81 mm3/cm2-min • 
Dissolution r~te: 43.25 
Avg. corresponding : • 606 














Potential measurements and rate o£ dissolution or Ti in 2N H2so4 plus 1/lON NH4F . 
Run No. 2 
Time Volume H2 Volume Rate Potential Ti Temp oc Conected 
(Min.) {c.c.) {c.e.) {mm3/cm2-min.) {Volts) (Avg.) · Pressure 
10 .86 .6o 30.0 -.888 21.4 705.3 
20 1.46 .6o 30.0 -.888 mm Hg 
30 .. 2.06 .6o 30.0 -.887 
40 2.67 .61 30.5 -.886 
50 3.27 .6o 30.0 -.886 
6o 3.96 .69 34.5 -.886 
70 4.47 .51 25.5 -.886 
80 4.90 .43 21.5 -.885 
90 5.51 .61 30.5 -.886 
100 6.02 • 51 25.5 - .885 . 
110 6.54 .52 26.0 - .885 
120 7.06 .52 26.0 - .885 
130 7.57 .51 25.5 - .885 
140 8.09 .52 26.0 -.884 
150 8.6o .51 25.5 - .884 
16o 9.12 .52 26.0 - .·884 
170 9.55 .43 21.5 -.884 
180 10.07 .52 26.0 -.884 
190 10.5 .43 21.5 -.884 
200 11.01 .51 25.5 -.884 
210 11.53 .52 26.0 -.884 
220 11.96 .43 21.5 - .884 
230 12.48 .52 26.0 - .883 
240 12.95 .46 23.0 -.884 
250 13.47 .53 26.5 -.883 
26o 13.94 .47 ll..i - .883 
. 
Average maximum rate o£ dissolution: 26.31 mnf~m2-min. . 
Average maximum rate of dissolution £or both runs: 37. 56 mm3 / cm2-min. 
Dissolution rate: 21.5 23.0 25.8 30.0 34.5 
Avg. corresponding :-. 6o2 -.6ol5 -.602 -.605 -.604 
potential, H2 seale 
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Table XLII 
Potential measurements and rate of dissolution of Ti in 2N H2S04 plus 
l/5N NH4F 
Time Volume H2 Volume Rate Potential Temp OC Corrected 
(Min.). (c.c.) (c.c.) (mm3fcm2-min.) (Volts) (Avg.) Pressure 
10 .90 .90 · ~ - .915 23.05 710.3 
20 2.24 1.34 67.0 - .921 mm Hg 
30 3.62 1.38 69.0 - .919 
40 5.00 1.38 69.0 - .92 
50 6.38 1.38 69.0 - .92 
&J 7.93 1.55 77.5 - .92 
70 9.31 1.38 69.0 - .92 
80 10.73 1.42 71.0 - .919 
90 12.15 1.42 71.0 - .92 
100 13.44 1.29 64.5 - .92 
110 14.65 1.21 60.5 - .918 
120 15.94 1.29 64.5 - .92 
130 17.06 1.12 56.0 - .919 
140 18.27 1.21 60.5 - .918 
150 19.48 1.21 60.5 - .919 
160 20.68 1.20 60.0 - .918 
170 21.80 1.12 56.0 - .918 
180 23.18 1.38 69.0 - .918 
190 24.47 1.29 64.5 - .918 
200 25.85 1.38 69.0 - .918 
210 27.06 1.21 60.5 - .917 
220 28.35 1.29 64.5 - .917 
230 29.65 1.30 65.0 - .917 
240 30.77 1.12 2.2.& - .917 
250 31.80 1.03 51.5 - .917 
260 32.92 1.12 56.0 - .916 
270 34.13 1.21 60.5 - .916 
280 35.16 1.03 51.5 - .916 
290 36.28 1.12 ·56.0 - .917 
Average maximum rate of dissolution: 64.93 mm3/cm2-min. 
Dissolution rate: 45.0 
Avg. corresponding .634 
potential, H2 scale 71.0 





60.5 64.5 67.0 69.0 
.637 .637 .640 .638 
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Table XLIII 
Potential measurements and rate of dissolution of Ti in 2N H2S04 plus 
1/2N NH4F 
Time Volume~ Volume Rate Potential Temp °C Pressure (Min.) {c.c.) (c.c.) {mm3 / cm2-min. ) (Volts) (Avg.) Cbrrected 
10 1.12 1.12 56.0 
-.940 23.75 709.75 
. 20 ·• 3.69 2.57 ~ -.954 mm Hg 
30 7.04 3.35 167.5 -.957 
40 10.65 3.61 180.5 -.962 
50 14.35 3.70 185. -.961 
60 18.21 3.86 193. -.961 
70 22.17 3.96 198. -.961 
100 29.99 -.961 
110 33.77 3.78 189 -.961 
120 37.55 3.78 189 -.961 
130 41.33 3.78 189 -.961 
140 45.02 3.69 184.5 -.960 
150 48.37 3.35 167.5 -.96 
160 51.47 3.10 155 -.96 
170 54.64 3.17 158.5 -.96 
180 58.25 3.61 180.5 -.96 
190 61.69 3.44 172. -.96 
200 65.04 3.35 167.5 ~.96 
210 68.56 3.52 176 -.96 
220 71.83 3.27 163.5 -.96 
230 75.35 3.52 176 -.96 
240 78.62 3.27 w...2 -.96 
Average maximum rate of dissolution: 176.60 ~/cm2-min. 
Dissolution rate: 56.0 128.5 155 158.5 163.5 
Avg. corresponding : -.6S9 -.673 - .679 -.679 -.679 
potential, H2 scale 
167.5 172 176 180.5 185 
continued: -.678 -.679 -.f;>79 -.680 -.680 
continued: 189 193 198 
-.680 -.680 -.680 
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Table XLIV 
Potential measurements and rate of dissolution of Ti in 2N H2so4 plus 1N N"rl4F 
Time Volume H2 Volume Rate Potential Temp oc Pressure 
(Min.) (c.c.) (c.c.) (mm3/cm2-min.) (Volts) (Avg.) Corrected 
s 1.53 1.53 153 - .964 24.0 701.7 
10 ·• 3.82 2.29 229 
- .974 mm Hg 
15 6.53 2.71 271 - .978 
20 9.34 2.82 281 - .983 
25 12.56 3.22 ~ - .989 
30 15.96 3.40 340 
- .991 
35 19.52 3.56 356 - .992 
40 23.25 3.73 373 - .993 
45 26.82 3.57 357 - .995 
50 30.47 3.65 365 
- .995 
55 34.29 3.82 382 - .997 
60 38.02 3.73 373 - .997 
65 41.67 3.65 365 
- .997 
70 45.32 3.65 365 - .997 
75 LJ3.97 3.65 365 
- .997 
80 52.79 3.82 382 -.998 
85 56.69 3.90 390 - .998 
90 60.60 3.91 391 - .999 
95 64.67 4.07 407 - .999 
100 68.57 3.90 390 - 1.00 
105 72.82 4.25 425 - 1.00 
110 76.89 4.07 407 - 1.00 
ll5 80.71 3.82 382 - 1.00 
Average maximum rate of dissol~tion: 378.61 mm3/cm2-min. 
Dissolution rate: 153 229 271 281 322 340 357 
Avg. corresponding: -.683 -.693 -.697 -.702 -.708 -.no -.713 
potential, ~ scale 
365 373 382 390 407 425 




Potential measurement and rate of dissolution of Ti in 2N H2S04 plus 
2N NH4F 
Run Ng 1 l 
Time Volume H2 Volume Rate Potential Temp °C Pressure 
(Min.) (c.c.) (c.c.) (mm3/ cm21lin.) (Volts) (Avg.) Corrected 
-5 3.39 3.39 399 -.988 24.6 702.75 
10 7.04 3.65 365 -1.00 mm Hg 
15 10.86 3.82 .382 -1.008 
20 14.76 3.90 390 -1.01 
25 18.83 4.07 407 -1.014 
30 22.99 4.16 416 -1.016 
35 27.31 4.32 432 -1.02 
40 31.72 4.41 441 -1.025" 
45 35.88 4.16 416 -1.028 
50 40.29 4.41 441 -1.030 
55 44.70 4-41 441 -1.030 
6o 49.20 4.50 450 -1.034 
65 53.60 4.40 440 -1.0.38 
70 58.10 4.50 450 -1.039 
75 62.77 4.67 1.,67 -1.039 
80 67.35 4.58 458 -1.042 
85 72.01 4.66 466 -1.044 
90 76.76 4.75 475 -1.045 
95 81.68 4.92 ~ -1.046 
Average maxfmum rate of dissolution: 429.89 mm?/cmf-min. 
Dissolution rate: 339 365 382 390 407 416 432 
Avg. corresponding:-. 707 -.719 -.727 -.729 -.733 -.740 -.739 
. potential, H2 scale 
441 450 458 466 475 492 
continued:-.750 -.756 -.761 -.761 -.764 -.765 
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Table XLVI 
Potential measurement and rate of dissolution of Ti in 2N H2so4 plus 2N NH4F 
Run No. 2 
Time Volume H2 Volume Rate Potential Temp oc Pressure 
(Min.) (c.c.) (c.c.) <~~/cm2-min.) (Volts) (Avg.) C~ted 
5 3.1 3.1 310 -.974 23.2 710.08 
10 6.54 3.44 .1M -.988 mm Hg 15 .. 10.76 4.22 422 -.999 
20 15.07 4.31 431 -1.007 
25 19.63 4.56 456 -1.013 
30 24.28 4.65 465 -1.019 
35 29.28 5.00 500 -1.025 
40 34.44 5.16 516 -1.029 
45 39.61 5.17 517 -1.032 
50 45.04 5.43 543 -1.036 
55 50.29 5.25 525 -1.040 
6o 55.80 5.51 551 -1.046 
65 61.48 5.68 568 -1.050 
70 67.17 5.69 569 -1.0534 
75 72.93 5.76 576 -1.057 
80 78.70 5.77 577 -1.061 
85 84.65 5.95 5.25. -1.065 
Average maximum rate or dissolution: 520.73 ~/cm2-min. 
Average maximum rate or dissolution for both runs: 474.32 rnm3/cm2-min. 
Dissolution rate: 310 344 422 431 456 465 500 
Avg. corresponding:-.693 -.707 -.718 -.726 -.732 -.738 -.744 
potential, H2 scale 
569 517 525 543 551 577 595 
continued:-.750 -.759 -.755 -.765 -.771 -.778 -.784 
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Table XLVII 
Potential measurement and rate o£ dissolution o£ Ti in 2N H2S04 and 
4N NH4F 
Run No .. 1 
Time Volume H2 Volume Rate Potential Temp OC Pressure 
(Min.) (c.c.) (c.c.) (mm3/cm2-min.) (Volts) (Avg.) Corrected 
5 4.86 4.86 ~ -1.117 29.1 704.3 
10 .. 10.55 5.69 569 -1.117 mm Hg 
15 16.25 5.70 570 -1.122 
20 21.77 5.52 552 -1.127 
25 37.47 5.70 570 -1.130 
30 33.16 5.69 569 -1.135 
35 38.86 5.70 570 -1.138 
40 44.39 5.53 553 -1.140 
45 49.91 5.52 552 -1.1JJ. 
50 55.36 5.45 545 -1.143 
55 60.80 5.44 544 -1.146 
60 65.99 5.19 519 -1.148 
65 71.35 5.63 563 -1.150 
70 76.38 5.03 2Ql -1.152 
75 80.73 4.35 435 -1.154 
Average maximum rate o£ dissolution: 550.15 ~/cm2-min. 
Dissolution rate: 435 486 . 503 519 536 545 
Avg. corresponding: -.875 -.838 -.873 -.869 -.871 -.866 
potential, H2 scale 
552 570 
continued: -.857 -.849 
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Table XLVIII 
Potential measurement and rate of dissolution of Ti in 2li H2so4 and 4N Nt14F 
Run No 1 ~ 
Time Volume H2 Volume (mm3 /:~-min. ) Potential Temp oc Pressure (Min.) (c .c.) (c.c.) {Volts) {A vg.) Corrected 
5 4.13 4.1.3 41.3 -1.114 23.4 710.1 
10 .. 8.78 4.65 -~ -1.118 mm Hg 
15 14.11 5 • .3.3 5.3.3 -1.120 
20 19.96 5.85 585 -1.127 
25 25.81 5.85 585 -1.128 
.30 31.58 5.77 577 -1.131 
.35 .37.52 5.94 594 -1.1.36 
40 43.11 5.59 559 -1.137 
45 48.88 5.77 577 -1.140 
50 54.7.3 5.85 585 -1.144 
55 60.58 5.85 585 -1.146 
60 66.26 5.68 568 -1.149 
65 71.59 5 • .3.3 .ill. -1.150 
70 76.07 4.48 44S -1.152 
75 80.11 4.04 404 -1.154 
80 83.04 2.9.3 293 -1.154 
Average maximum rate of dissolution: 571 ~/cm2-min. 
Average maximum rate of dissolution for roth runs: 560.58 mm¥cm2..min: 
Dissolution rate: 29.3 404 413 448 465 5.3.3 
Avg. corresponding: -.873 -.87.3 -.83.3 -.871 -.837 -.854 
potential, H2 scale 
559 568 577 585 594 
continuEd -.856 -.868 -.855 -.855 -.855 
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Table XLIX 
Potential measurement and rate of dissolution of Ti in 0.5N HF 
Time Volume H2 Volume Rate Potential Temp °C Pressure (Min.) (c.c.) (c.c.) (mm3/cm2-min.) (Volts) (Avg.) Corrected 
-
-
.10 2.34 2.34 117.0 -1.063 27.35 6o/1.5 
20 4.43 2.09 104.5 -1.062 mm Hg 
30 6.19 1.76 88.0 -1.062 
40 ., 7.70 1.51 75.5 -1.062 
50 9.70 2.00 100.0 -1.062 
6o 11.21 1.51 75.5 -1.062 
70 13.30 2.09 104.5 -1.061 
80 14.81 1.51 75.5 -1.061 
90 16.40 1.59 79.5 -1.061 
100 17.90 1.50 75.0 -1.061 
110 19.49 1.59 79.5 -1.061 
120 21.00 1.51 75.5 -l.06i 
130 21.75 .75 37.5 -1.061 
140 23.42 1.67 83.5 -1.06 
150 25.26 1.84 92.0 -1.061 
16o 26.77 1.51 75.5 -1.061 
170 28.11 1.34 67.0 -1.061 
180 29.53 1.42 71.0 -1.06 
190 31.12 1.59 79.5 -1.06 
200 32.79 1.67 83.5 -1.06 
210 34.13 1.34 67.0 -1.06 
220 36.14 2.01 100.5 -1.06 
230 37.14 1.00 50.0 -1.06 
240 38.65 1.51 75.5 -1.059 
250 40.82 2.17 108.5 -1.058 
26o 43.00 2.18 109.0 -1.058 
270 45.51 2.51 125.5 · -1.058 
280 47.60 2.09 ~ -1.058 
Average maximum rate of dissolution: 85.00 nun3/cm2-min. 
Dissolution rate: 37.5 50.0 67.0 71.0 75.5 79.5 83.5 
Avg. corresponding:-. 781 -. 78 -. 78 -. 78 -. 781 -. 781 -. 78 
potential, H2 scale 
88.0 92.0 100.25 104.5 109 117 125.5 
continued: -. 782 -. 781 -. 781 -. 78 -. 778 -. 783 -. 778 
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Table L 
Potential measurement and rate of dissolution of Ti in 2N HF 
Time Volume H2 Volume Rate Potential Temp 0C Pressure 
{Min.) (c.c.) (e.c.) (mm3/cm2-min.) {Volts) (Avg.) Corrected 
5 4.91 4.91 491 -1.064 
10 9.99 5.08 508 -1.064 
15 .. 15.24 5.25 525 -1.063 
20 20.66 5.42 542 -1.062 
25 25.66 5.00 500 -1.06 
30 30.99 5.33 533 -1.06 
35 36.41 5.42 542 -1.06 
40 41.83 5.42 542 -1.059 
45 47.42 5.59 559 -1.06 
50 53.6o 6.18 618 -1.061 
55 60.12 6.52 652 -1.061 
6o 66.98 6.86 686 -1.061 
65 73.84 6.86 686 -1.061 
70 81.04 7.20 720 -1.061 
Average maximum rate of dissolution: 578.86 mm3/cm2-min. 
Dissolution rate: 491 500 508 525 533 542 
Avg. corresponding:-. 784 -.780 -.784 -.783 -.780 -.780 
potential, H2 seale 
559 618 652 686 720 
contintm -. 780 -.781 -.781 -.781 -.781 
llC 
Table LI 
Potential measurement and ·rate or dissolution or Ti in 3N HF 
Time Volume ~ Volume Rate Potential Temp °C Pressure 
(Min.) (e.c.) (c.e.) (Dllli3/cm2-min.) (Volts) (Avg.) Corrected 
5 10.57 10.47 lQ22 -1.055 24.4 706.0 
10 22.51 l1.94 1194 -1.057 mm Hg 
15 34.79 12.28 1228 -1.058 
20'. 47.41 12.62 1262 -1.058 
25 60.03 12.62 1262 -1.058 
30 72.99 12.96 1296 -1.059 
35 85.57 12.58 w.a -1.059 
Average max~ rate of dissolutions 125o mm3 I cm2-min. 
Dissolution rate: 1057 1194 1228 1258 1262 1296 
Avg. corresponding:-. 774 -.776 -.777 -.778 -.777 -.778 . 
potential, H2 seale 
lll 
(v) Conclusions: 
The obvious correlation between the rate of dissolution a.'tld potential 
of the Ti electrode in 2N H2S04 with NH4F added, was that as the 
strength of the HF concentration formed f'rom NH4F additions increased, 
and consequently the rate of dissolution, the potential decreased and 
became less noble. This seemed to indicate that a higher rate of dis-
solution was associated with a more negative potential. However, with 
HF alone, the rate of dissolution increased with increasing strength 
o£ acid, but the potential remained practically unchanged for all acid 
concentrations. These results for a titanium electrode in HF are 
practically identical to those obtained by Stra~anis and Chen 2), 
------------------------------------------------------------------
2) Straumanis, M. E., and Chen, P. c., op. cit. 238 
. 
being in th~ neighborhood of -o. 780 volts, corrected to the hydrogen 
scale at 250 c. An earlier paper by Botts 9) and his associates 
9) Botts, E. D. , and Krauskoff, F. C. , Some Electrochemical Studies 
of Titanium, Journal of Physical Chemistry, JJ.2, 1404-19, (1927) 
------------------------·----------------------------- -----
pointed out that they f'olli~d the titanium electrode does not act as 
hydrogen electrode, and a little HF added to a solution strongly acid 
'With H2S04 would increase the electrode potential enormously. They 
also mentioned from their potential measurements that titanium in the 
ordi~r cell was less noble than hydrogen. 
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These facts appear to correlate in that a rate or dissolution 
which follovs a straight line function, such as does Ti in HF, has no 
appreciable change in potential. While those which follow a somewhat 
more curved line, such as with ·varying additions of NH4F in HzS04, the 
potential becomes less noble as the rate or dissolution increases. A 
comparison of the rates of dissolution is shown in Figure 4. 
Still greater amounts of NH4 F than 41~ NH4 F gave erratic results 
as to plotting them on a curve, but did show that the potential con-
tinued to become less noble, although some type of passivation appar-




Potential Measurements and Dissolution Rates of Titanium on 
Adding Large Amounts o£ ~~onium Fluoride to Various Acids. 
(i) Method. Apparatus, and Proce<iure: 
11 
The ·equipnent used for this series of investigations was similar to 
that used in the previous section. The connections to the potentio-
meter were . also similar. 
Several preliminary tests were made f:irst_ in a beaker open to 
the air. An unmeasured amount of 2N H2S04 vas placed in the beaker 
and additions of NH4F made. A£ter each NH4F addition the mixture-vas 
stirred until the NH4F 'WaS all in solution, then a potential reading 
for the Ti electrode vas taken. No attempt was made to measure the 
amount of NH4F added. Additions of NH4F were made, and potential re 
ings taken until the lowest potential reading that could be obtained 
vas reached. The readings were continued until a constant potential 
reading vas arrived at, which dl.d not vary ·appreciable vi th .f'urther . 
additions of NH4F. The same test vas run with 2N HF in place of 2N 
H2S04. 
Quantitative tests were made next in the closed flask in a 
nitrogen atmosphere in exactly tm same l18nner as previously described 
in SECTION E, with tm rates of dissolution and potential measurements 
of the titanium electrode being recorded at definite intervals. 'lhirt 
1 
grams of NH4F vas dissolved in sufficient acid to give a total volume 
of solution sufficient to cover the titanium electrode and immerse the 
stirring paddle. In the flask used, this was 140 ml. of lN H2S04 and 
136.5 ml. of lN HF. The thirt;r grams of NH4F dissolved in the acids 
brought the total volume of solution to about 160 c.c., and this total 
volume was measured after each run so that an approximation could be 
made of the NH4F resulting f'rom the NH4F added. Thirty grams of 
NH4F'in the acid mixture was considered a sufficient quantity to obt 
the maximum negative potential reading of' . the titanium electrode. 
It was noticed af'ter the run was completed that the titanium. 
electrode was still bright and shiny when taken from the t:l. ask, rut as 
soon as the acid film was washed off the surface it immediately oxi-
dized in the air to a metallic blue colour. To learn something or this 
phenomenon, the electrode was at once placed in a beaker in air, con-
taining the same acid mixture as used in the flask in the nitrogen 
atmosphere, and potential readings were made until a constant potent 
was reached. 
As a fUrther step in trying to explain this phenomenon, a test 
was made using 165 c.c. of a mixture of 1N HF plus 30 grams of NH4F, . 
with compressed air being blown into the flask, after the potential 
readings had levelled off. This compressed air displaced the nitrogen 
atmosphere with one containing oxygen, to see if tllat would influence 
the titanium potential readings. 
(ii) Ca1cu1Ations: 
A sample calculation to detenn.ine the approximate concentration or lffi4 
Total volume of solution in flask 
Molecular weight of NH4F 
Amount of NH4F added 
Approximate N HF of the solution 




30 grams in 158 e.e. 
JQ 1000- 6 
37 x 158 -5.12 N NH4F 
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The preliminary tests made in air by adding NH4F in quantity to 2N 
H2S04 and 2N HF agave a maximum negative potential reading approxi-
mately the same for l:x>th acids; the results are tabulated in Tables 
LII and LIII. In Figure 10 the potential in volts according to the 
H2 scale is plotted against the increasing amounts of NH4F added. The 
chief difference between the two tests was that, while in ooth cases 
the titanium electrode became dark and passive when t re maximum neg-
ative potential was reached arrl the potential rose very rapidly !rom 
that point, in the ease of the 2N HF plus ln!J.F the potential rose onl 
to -o.778 volts, which is roughly the potential of the titanium elee-
trode in pure HF. The potential then remained constant at that value. 
However, with the 2N H2S04 plus NH4F the potential rose rapidly to .,a 
minimum negative potential of -o.671 volts, t..hen on the addition of 
more NH4F slowly dropped again and became constant at a potential of 
-o.782 volts, almost that of a titanium electrode in pure HF. 
In all cases the hydrogen evolution was strong until the maxi-
mum negative potential was reached, whereupon the bright titanium 
electrode became quite dark arrl lustreless, arl the H2 evolution very 
nearly stopped altogether. On the addition of more NH4F the evolution 
began again at a ver,y slow rate, but never did_approaeh its initial 
-.70 
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velocity. Also the colour of the solution, wich was clear to begin 
with, gradually changed to a progressively darker yellowish-green as 
NH4F was added, untU the maximum negative potential vas reached. 
Then the solution cleared, became colourless once again, and remained 
so for the rest of the test. 
The results of the quantitative tests are given in Tables LIV 
to LVII, and Figure 11. The results \d th both 2N H2SO4 and 1 N HF 
are fairly much alike. The potentials dropping rapidly with time to 
a maximum negative potential value, then increasing slightly and re-
maining constant. Or else, the potentials dropped somewhat more slow-
ly to a maximum negative value, slightly lower than in the first case, 
and remained fairly constant there with time. 
On taking the still shiny surfaced titanium electrode out of 
the nitrogen atmosphere and putting it in a beaker in air containing 
the same acid mixture as used in the nitrogen atmosphere, after first 
washing the electrode with distilled water to clean off the acid film 
and permit the titanium surface to oxidize, t..lle same general trend 
followed with both acid mixtures, as shown in Tables LVIII to LIX and 
Figure 12. The potential dropped swiftly to a maximum negative value, 
the electrode beca~e dark and .passive with ~~e hydrogen evolution slo~ 
ing drastically, t~en the potential rose instantly to a minimum nega-
tive value, dropped more slowly to a maximum negative value approxi-
mately the same as at the first, and remained constant there. \-Then 
the drop from the minimum negative value began, t..lte H2 evolution in-
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solution also again changed from a greenish-yellow colour to colourless 
at the maximum negative potential, and remained colourless. 
The results obtained on :f"irst using a nitrogen atmosphere, then 
when the potential readings had levelled orr to a fairly constant val-
ue sending a stream of compressed air into the flask to change the 
atmosphere from nitrogen to oxygen, are shown in Table LX, and Figure 
13. No appreciable change could be seen in ~~e potential readings on 
changing the atmosphere in the flask from nitrogen to oxygen, though 




Potential measurements ot Ti electrode in 2N H~o4 with increasing additions of NH4F 
NH4F increasing 






















































Average maximum negative potential: -o.910 Volts 
Average passive negative potential: -o.671 Volts 
Average constant negative potential: -o. 782 Volts 
























Potential measurements of Ti electrode in 2N HF with increasing 
additions of NH4F 
NH4F increasing 


















Maximum negative potential -o.915 Volts 
Passive negative potential : -o.778 Volts 




Potential measurements and rate of dissolution of Ti electrode in 
2N H2S04 plus 30 grams NH4F 
Run No 1 l 
Time Volume H2 Volume Rate Potential Temp Oc Barometer 
(Min. ) ( c • c • ) (c.c.) · (~/cm2-min.) H2 scale (Avg.) Corrected 
5 .84 .84 84 -.814 27.0 702.25 
.. 1.51 .67 67 -.862 nm Hg 
& 1.85 .34 ~ -.878 
2.19 .34 34 -.892 140 ml. 2N H2SO4 
2.69 .50 50 -.896 + 30 gms. NH4F 
3.19 .50 50 -.896 5.77 N with 
3.57 .38 38 -.898 respect to NH4F 
3.91 .34 34 -.898 
4.37 .46 46 -.899 
4.71 .31 .. 34 -.899 
4.96 .25 25 -.900 
5.42 .46 46 -.902 
5.80 .38 38 -.903 
6.10 .30 30 .-.903 
6.39 .29 29 -.907 
6.68 .29 29 -.905 
7.15 .47 47 -.907 
7.48 .33 33 -.908 
7.73 .25 25 -.908 
8.07 .34 34 -.908 
8.41 .34 34 -.911 
8.74 .33 33 -.911 
9.08 .34 34 -.911 
9.33 .25 25 -.911 
9.58 .25 ~ -.911 
9.84 .26 26 -.911 
10.26 .42 42 -.911 
10.51 .25 25 -.911 
10.76 .25 25 -.911 
11.01 .25 25 -.912 
11.27 .26 26 -.911 
11.52 .25 25 -.912 
11.77 .25 25 -.911 
12.11 .33 33 -.911 
12.44 .33 33 -.911 
12.70 .26 26 -.912 
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Table LIV Continued 
12.95 .25 25 -.912 
13.12 .17 17 -.911 
13.54 .42 42 -.912 
13.79 .25 25 -.911 
13.96 .17 17 -.911 
14.12 .16 16 -.911 
14.29 .17 17 -.911 
14.46 .17 17 -.910 
14.71 .25 25 -.910 
14.97 .26 26 -.910 
15.13 .16 16 -.910 
15.30 .17 17 -.910 
15.47 .17 17 -.910 
15.64 .17 17 -.910 
15.S1 .17 17 -.911 
Maximum negative potential: -o.912 volts 
Average max~ rate of dissolution: 35.14 mm3/em2-min. 
Rate of dissolution: 7 25 29 34 38 42 46 50 
Corresponding potential:-.910 -.910 -.905 -.906 -.900 -.911 -.902 -.897 
_l22_ 
Table LV 
Potential measurements and rate or dissolution or Ti electrode in 
2N H2S04 plus 30 grams NH4 F 
Run No. 2 
-
Time Volume H2 Volume Rate Potential Temp 0C Barometer (Kin.) (c.c,) (c.c.) (mm3 / cm2-rnin. ) H2 scale (Avg.) Corrected 
5 .34 .34 .34 -.914 25.0 705.66 
n 
.51 .17 17 -.912 mm Hg 
It 
.68 .17 17 -.907 
.85 .17 17 -.900 165 c.c. or mixture 
1.02 .17 17 -.888 2N HgS04 + .30g NH4F 
1.02 0 0 -.880 4.91N with respect 
1.19 .17 17 -.875 to NH4F 1.19 0 0 
-.872 
1.36 .17 17 -.870 
1.45 .08 8 -.868 
1.5.3 .09 9 -.868 
1.62 .09 9 -.868 
1.62 0 0 -.868 
1.70 .08 8 -.869 
1.70 0 0 -.870 
1.79 .09 9 -.871 
1.87 .08 8 -.873 
1.87 0 0 
-.874 
1.9.3 .06 6 -.874 
1.99 .06 6 -.874 
2.05 .06 6 -.875 
2.12 .07 7 -.875 
2.19 .07 7 -.875 
2.25 .06 6 -.875 
2.38 .13 13 -.875 
2.47 .09 9 -.874 
2.55 .08 8 -.876 
2.64 .09 9 -.878 
2.76 .12 12 -.880 
2.89 .13 13 -.880 
2.98 .09 9 -.878 
3.23 .25 25 -.878 
3.32 .1)9 9 -.878 
3.40 .08 8 -.880 
3.57 .17 17 -.880 
3.74 .17 17 -.880 
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Average maximum rate or dissolution: 20.53 ~/cm2~. 
Rate or dissolution: 6 9 13 17 26 




Potential measurements and rate of dissolution of Ti electrode in 
lN HF plus 30 grams NH4F 
Run No. 1 . 
Time Volume H2 Volume Rate Potential Temp oc Barometer 
(Min.) (c. c.) (c.e.) (tnnt-3/cm2-min.) H2 scale (Avg.) Corrected 
lt .845 0 0 
-.890 27.0 705.33 
It 
.845 0 0 -.897 mm Hg 
" .929 .oo 26.7 -.899 
.929 0 0 
-.900 136.5 c,c, lN HF 
1.013 .08 26.7 -.900 +30 gma. N H4F 
1.098 .08 26.7 -.902 5.92 N 
1.182 .oo 26.7 -.903 with respect to NH4F 
1.267 .08 26.7 
-.903 
1.351 .08 26.7 
-.9035 
1.346 ,08 26.7 -.904 




1.605 .08 26.7 -.907 
1.6S9 .08 26.7 -.908 
1.731 .04 13.3 .-.909 
1.731 0 0 -.909 
1.858 .13 43.3 -.910 
1.90 .04 13.3 -.910 
2,027 .13 43.3 -.911 
2.027 0 · o -~911 
2.111 .08 26.7 -.913 
2.196 .08 26.7 -.914 
2.280 .08 26.7 -.914 
2.365 .08 26.7 -.914 
2.534 .17 56.7 -.917 
5 2.703 .17 .17 -.915 
It 2.872 .17 17 -.917 
It 3.083 .21 21 -.921 
3.294 .21 21 -.921 
3.547 .25 25 -.921 
3.801 .25 ~ -.922 
4.012 .21 21 -.923 
4.223 .21 21 -.923 
4.392 .17 17 -.924 
4.645 .25 25 -.924 
4.856 .21 21 -.926 









































































·• · negative potential: -o. 927 volts ~verage maximum rate of dissolution: 24.0 mm3/cm2-min. 
Rate of dissolution: 17 21 25 




Potential measurements and rate of dissolution of Ti electrode in 
lN HF plus .30 grams NH4F 
Run No. 2 
Time Volume ~ Volume Rate Potential Temp oc Pressure 
(Min.) (c.c~) {c.c.) (mm.3 / cm2-min. ) H2 scale (Avg.) Corrected 
- -
5 • .34 .34 34 -.804 26.5 70.3.65 
n 
.51 .17 17 -.888 mrn Hg 
n 
.84 .33 Jl -.910 
1.01 .17 17 -.920 165 c.c. mixture or 
1.27 .26 26 -.927 IN HF + .30 grams ~F 
1.5.3 .25 25 -.934 4.91 N with respect 
1.86 .34 .34 -.9.37 to NH4F 2.07 .21 21 -.9.39 
2.24 .17 17 -.9.39 
2.5.3 .29 29 -.9.39 
2.87 • .34 .34 -.9.38 
.3.08 .21 21 -.9.37 
.3 • .32 .24 24 -.9.37 
.3.56 .24 24 -.9.37 
3.81 .25 25 -.9.37 
4.05 .24 24 -.9.37 
4.22 .17 l2 -.9.3.3 
4 • .39 .17 17 -.9.32 
4.56 .17 17 -.9.31 
4.7.3 .17 17 -.9.30 
4.94 .21 21 -.9.30 
5.10 .17 17 -.929 
5.27 .17 17 -.929 
5.44 .17 17 -.928 
5.74 • .30 .30 -.928 
5.91 .17 17 -.927 
6.0.3 .1.3 1.3 -.926 
6.16 .1.3 1.3 -.925 
6 • .3.3 .17 17 -.924 
6.50 .17 17 -.92.3 
6.67 .17 17 -.92.3 
6.8.3 .17 17 -.92.3 
7.09 .25 25 -.92.3 
7 • .34 .25 25 -.922 
7.51 .17 17 -.922 
7.68 .17 17 -.922 
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Table LVII Continued 
7.85 .17 17 -.922 
8.02 .17 17 -.922 
8.14 .13 13 -.923 
8.27 .13 13 -.924 
8.44 .17 17 
-.924 
8.61 .17 17 -.924 
8.94 .. .33 33 -.924. 
9.11 .17 17 
-.924 
9.28 .17 17 -.925 
9.45 .17 17 -.925 
9.62 .17 17 -.926 
9.79 .17 17 -.926 
9.96 .17 17 -.926 
10.13 .17 17 -.926 
•• • negative potential: -.939 volts 
!Average maximum rate or dissolution: 24.14 ~/cm2-min. 
Rate or dissolution: 8 13 17 21 24 30 34 
~orresponding potential: -.926 -.924 -.925 -.935 -.934 -.-933 -.933 
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Table LVIII 
























Run No. 1 
Remarks 


























Run No. 2 
Remarks 
good H2 evolution 


























Run No. 1 
Remarks 
good H2 solution 


























Hnn No. 2 
Remarks 
good H2 evolution 






Potential measurements and rate of dissolution of Ti electrode in 
lN HF plus 30 grams NH4F N2 atmosphere, then 02 atmosphere. 
Time Volume H2 Volume Rate Potential Temp °C Barometer 





































































25 -.904 28.0 702.61 
34 -.919 mm Hg 
33 -.9.33 
42 -.·938 165 c.c. mixture 
34 -.943 of 1N HF + 
33 -.942 30 grams NH4 F 
42 -.943 4.91 with 
























~able LX Continued 
8.72 .17 17 -.902 
8.89 .17 17 -.902 
9.06 .17 17 -.903 
9.22 .16 16 -.906 
9.47 .25 25 -.908 
9.60 .13 13 -.911 
9.81 .21 21 -.913 
10.06 .25 25 -.913 
10.31 .25 25 -.917 
10.56 .26 26 -.919 
10.82 .25 25 -.919 
11.07 .25 25 -.920 
11.40 .33 33 -.921 
11.57 .17 17 -.921 
11.91 .34 34 -.921 
12.16 .25 25 -.921 
12.41 .25 25 -.921 
-.922 02 atmosphere, 
-.920 stream o£ compressed 
-.920 air bubbled into 






-.921 02 atmosphere 
-.921 acid in flask left 




Maximum negative potential: -.943 volts. 
Average maximum rate of dissolution: 32.56 mm3/cm2-min. 
Rate o£ dissolution: 13 17 21 25 34 42 
Corresponding potential: -.911 -.911 -.913 -.917 -.932 -.938 
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(iv) Conclusions: 
In every case, when the investigation was made in air, after a certain 
quantity of NH4F was added to the acid being used, whether H2S04 or HF, 
the titanium electrode turned dark and became passive, with the rate 
of evolution of hydrogen falling off nearly to a complete halt, and 
with _a corresponding rise (Figure 10) in the negative potential read-
~g. It can be seen from the sudden colour change of the titanium 
electrode from a shiny surface to a dark surface that some sort of 
surface film formed on the titanimn. Also in every case in air, the 
acid mixture first turned a greenish-yellow colour until the maximum 
negative potential was reached, which would indicate some Ti F3 compac 
was present. Then after this maximum potential was reached, and while 
the potential rose to a minimum negative potential and dropped again 
to a constant potential reading, the solution cleared and became col-
ourless, which would seem to :indicate that some Ti F4 complex was 
present. The gradual climb of the potentiaJ. measurements from a 
minimum negative value, accompanied with a slow evolution of hydrogen 
shows that the surface film for::ned is ~t too long enduring. Appar-
ently too, the acid solution must be exposed to air and oxidized to 
form this complex surface film, for when tests were run in a nitrogen 
atmosphere (Figure 13) no such phenomenon was observed, and the 
potential dropped to a maximum negative potential and stayed fairly 
constant there. HO\.rever, the electrodes wmn removed from the flask 
after these runs in a nitrogen atmosphere were still bright and shiny, 
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displaying no discolouring surface film. Inunediately on washing with 
water though, the fresh titanium surface· oxidized in the air, and a 
series of' potential measurements made at once on this oxidized surf'aee 
in a beaker exposed to the air, gave a very similar set of' graphs to 
that obtaine~. when the potential measurements were made on increasing 
the .quantity of' NH4F added to an acid solution in air. The greatest 
.exception between the two sets of graphs (Figure 12), was that the 
oxidized titanium surface finally settled at a more anodic constant 
negative potential. 
It may have been that the acid mixture used in the test with 
f'irst a nitrogen atmosphere, then an oxygen atmosphere, was suf'ficimt-
ly oxidized (Ti3~ Ti4t that no appreciable difference was noticed in 
potential readings after the atmosphere was changed to oley'gen. How-
ever, ·in this case, as in the tests run in air, the titanium surf' ace 
was dark and oxidized when examined after the run was completed. This 
may have been caused by ditf'erent oxidation and hydrolysis products 
forming on the surface of' the Ti, due to the diffusion of oxygen to 
the surface or the metal. 
PART II 
SECTION H 
Potential Measurements o£ an Anodically Polarized Titanium 
Electrode in Hydrofluoric Acid Plus Ammonium Fluoride. 
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It w~s o£ interest to determine why the passivation o£ Ti, described 
in the previous chapter, occured. There are three poss ibl.e explana-
tions: 
(1) Changes in the sur:face o£ the Ti during dissolution cause 
· potential changes and lead to a decrease in rate of disso 
lution. 
(2) The resistance of the acid mixture is increased by the 
additions of NH4F. 
· (3) There is an increase in too overvoltage of the local 
cathodes in tm Ti, because of sane infiuence :from the 
NH4F added. 
All three of these possibilities can be considered byming a model 
element, Ti-HF-?t, short-circuited through a milliammeter and variable 
resistance. 
The changes of the potential of Ti versus current density are describ-
ed in this chapter. 
(i) Method and Apmratus: 
The apparatus and electrical connections :for this investigation, as 
shown in Figure 14, consisted o£ a titanium electrode, a platinized 
1.35 
platinum electrode, the same agar lN KCl bridge, calomel half cell and 
recording potentiometer as used before, a · variable resistance box, and 
a D. C. Weston type milliammeter (Model 1, No. 59194). Two kind of 
titanium electrodes were used, one being Remington Arms Ti 2 em. square 
and the other .~ttelle Memorial Institute titanium 1/2 em. square. 
Both.electrodes were ground to exact size and mounted in bakelite, as 
previously described, so that their surfaces exposed were exactly 2 
square em., and 1/2 square em., respectively. A platinum electrode 
with a 2 square em. surface exposed was made in the same way, and 
pls.-'ltinized according tot he method recommended by Findlay 10). 
10) Findlay, A. , Practical Physical Chemistry, Longmans, Green and 
Co., London, p. 162, {1941) 
(ii) Procedure: 
The tests were conducted in a beaker open to the air, and the Reming-
ton Arms titanium electrode was used first. After the apparatus was 
connected as in Figure 14, a suf'ficient. volume of exactly lN HF in 
whjeh .30 grams of NH4F had been dissolved was added to the beaker to 
entirely cover the two electrodes. The dista~ce between the platin-
ized platinum and titanium electrodes was 15 mm. The switch was lef't 
open, removing the platinized platinum and milliammeter from the 
circuit, and too potential of the titanium electrode alone measured 
until the potential had passed its maximum and minimum negative values 




a - beaker · 
b - Ti electrode 
c - Pt electrode 
d - capillary tube from calomel cell 
k - calomel cell 
p - potentiometer· 
r - variable resistance 
m - milliammeter 
s - switch 
Figure 14 
Apparatus tor potential measurements of a 
polarized Ti electrode. 
1 6 
the platinized platinum and milliammeter into the circuit, and with ihe 
resistance box set at zero resistance several simultaneous readings 
were made of potential and current density. Then the switch was ope 
once again and only the potential of the titanium electrode was meas-
ured for a few more readings. This procedure was repeated in 2N HF 
plus 30 grams of NH4F, and in 4N HF plus 30 grams of NH4F. 
The method of procedure in the 4N HF plus 30 grams of NH4F was 
varied slightly in that after the current density reached a :fairly 
constant value the resistance of the box was us.ed to decrease the 
current density in increments, with potential measurel113nts being made 
in each instance. Then as before, the switch was opened and potential 
readings were taken on the titanium electrode alone. · 
The procedure followed with the Battelle Institute titanium was 
the same as that used for the Remington Arms titanium electrode in 4N 
HF plus 30 grams of Nlf4F, and the acids used were of the same strength, 
lN HF plus 30 grams NH4F, 2N HF plus 30 grams of NH4F, ·and 4N HF plus 
30 grams of NH4F. 
(iii) Results: 
It was thought that the Battelle titanium being of higher purity than 
the Remington Arms titanium might give somewhat different results than 
those obtained with the Remington titanium, if the impurities were ex-
erting some effort on the passivation phenomena. However, this was 
not tm case, and results following the same general trend were obtain 
ed in both eases, and are listed in Tables LXI to LXVI. In all eases 
137 
the potential increased sharply when the switch was closed and the 
platinized platinum electrode, and milliameter put into the circuit. 
Then as the current density was decreased by increasing the external 
resistance-, the potential readings became more negative. Arter the 
switch was opened again and the circuit was used only to measure the 
. potent~al or the titanium electrode, . the potential approximated the 
. 
co~tant ne.gative potential achieved before the switch was closed. 
Plotting the potential, in volts corrected to the H2 scale, 
against time, as shown in Figures 15 and 16, it is seen that the po-
tentials rose sharply, becoming more positive, at the time the circuit 
was closed, then dropped, becoming more negative, at the times the 
current densities were decreased. The decrease or the current density 
with time is shown in Figure 17. 
It 'was observed in eve17 test that as soon as the acid saturatecl 
with NH4F was put in the beaker and covered the electrodes, the ti ta-
nium electrode very quickly became dark and passive. As the negative 
potential readings settled to a maximum constant value, a faint stream 
or H2 was observed coming from the Ti electrode, and wb:!n tre circuit 
was closed to include the platinized platinum electrode, a much stro~-
er stream or H2 was evolved from the Ti. After the circuit was opened 
again the Ti was either quite passive, or gave oft only a faint stream 
ot H2. There was a dark surface film on the surface or the titanium 
after each run, which could be washed off with a stream of water leav-
ing the titanium surface bright and shiny. No attempts were made to 
investigate the nature or the film. 
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Table LXI 
Potential and Current Density of Remington Arms Ti electrode in lN HF 












































































































(109.2 c.c. of lN HF 
containing JOg. NH4F) 
0 


















Potential and Current Density of Remington Arms Ti electrode in 2N HF 





















































































(113.5 c.c. of 2N ~F 
































Potential and Current Density of Remington Arms Ti electrode in~ HF 
plus 30 g. NH4F 
-
Time Potential Time Current Density Resistance 









-.594 5 15.5 0 
11 -.562 10 11 
16 
-.543 15 5.75 
21 -.526 20 2.375 
26 -.526 25 2.25 
31 -.524 30 2.25 
36 -.528 35 2.65 
41 -.528 40 2.75 
46 -.556 45 4.0 
51 -.524 50 2.3 
56 -.554 55 4.0 
61 -.559 60 4.5 
1 -.557 0 3 3 
6 
-.544 5 2.5 3 
11 -.555 10 3 3 
16 -.568 15 2.5 9 
21 -.566 20 2.85 9 
26 
-.578 25 3.1 9 
31 -.742 30 2.0 6o 
36 -.742 35 2.0 60 
41 -.740 40 1.95 60 
46 -.772 45 1.5 85 
51 -.m 50 1.5 85 
56 -.754 55 1.4 85 






































Potential and Current Density of Battelle Ti electrode in lN HF 
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(109.2 c.c. of lN HF 






























Potential and Current Density of Battelle Ti electrode in 2N HF 
plus .30g.- NH4F 
Time Potential Time Current Density Resistance 




10 -.975 (113.5 c.c. of 2N HF 









-.684 5 150 0 
11 -.614 10 138 
16 -.585 15 124 
21 -.579 20 114 
26 -.575 25 llO 
.31 -.W4 .30 110 
.36 -.515 .35 so 
41 -.479 40 .60 
46 -.446 4"5 24 
51 - • .397 50 7 
56 
- • .395 55 6 
76 
- • .380 €JJ 2 
1 -.681 0 1 6oo 
6 -.6.31 5 1 €JJO 
11 -.617 10 1 €JJO 
16 -.699 15 .5 1800 
21 -.705 20 .5 1800 
26 
-.709 25 .44 1800 
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Potential and Current Density of Battelle Ti electrode in 4N HF 
plus 30g. NH4F 
-
Time Potential Time Current Density Resistance 














6 -.801 5 274 0 
11 -.781 10 . 256 
16 -.753 15 244 
2i -.757 20 232 
26 -.737 25 216 
31 -.671 30 174 
36 -.666 35 140 
41 -.586 40 22 
46 -.656 45 108 . . . 
51 -.$70 50 16 
56 -.568 55 12 












From the results obtained it was seen that the negative potential was 
greatest during the self dissolution of the titanium, when the plati-
nized platinum electrode was not in the circuit. Then when the plat-
inum electrode was in the circuit, making the titanium the anode and 
the platinum the cathode, the negative potential increased and was 
highest when the current density was high. Thus, the anodic polariza-
tion forces the Ti to more noble potentials. However, this shift does 
not explain the high degree of passivation of the metal, as the most 
noble potentials obtained during polarization were about -o.4 volts, 
which is a sufficient potential to produce much stronger currents and 
rates of dissolution than observed. Consequently, the explanation of 
the passivation described does not lie in the more noble potential of 
the polarized Ti electrode. 
The surface film observed, and noticed before when an excess of 
NH4F was added to the corroding acid, did not adhere strongly to the 
titanium surface. On ma.ldng the Ti electrode anodic the current app 
ently loosened the :film, allowing it to be easily washed ot:f the ti ta-
nium, and leaving a new fresh, shiny surface. Such a .film could not 





Resistance Measurements on Adding NI14F to Various Acids, and 
of a Titanium Electrode in Hydrofluoric Acid. 
As already mentioned, the second possible explanation of the passiva-
tion of the titanium might be due to the increased resistance of the 
acid mixture from the NH4F additions, and the formation of a film of 
h~h resistance on the Ti electrode. 
The resistance measurem3nts are described in this chapter. 
(i) Method and APParatus: 
The apparatus used consisted of a conductivity bridge, Type RC, and a 
Model 2A dip cell, both made by A1v1INCO. Two platinized platinum elec-
trodes, a titanium electrode, variable resistance and milliammeter 
were the same as described previously. 
(ii) Proce:iure: 
For preliminary tests which determined the resistances when NH4F was 
added in increasing amounts 1D 0.5N HCl, lN HF, 1/lON H2S04, l/4N HF 
and H20 in a beaker, tm apparatus was connected as in Figure 18. The 
dip cell was inserted in the acid, and unmeasured amounts of NH4F add-
ed, the solution stirred until the NH4F was dissolved after each 
addition, then tm resistance read .from the conductivity bridge. This 
series of NH4F additions was continued until the solutfon was super 
. a 
b c 
a - dip cell, Pt electrodes 
b - beaker 
c - conductivity bridge. 
Figure 18 
Apparatus for measuring the resistance 
of acids with added ammonium fluoride. 
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saturated \lith NH4F. To measure the resistivity of the surface film 
on the Ti, the apparatus was then connected as shown in Figure 19. A 
great variety of dilute concentrations of HF were used as the electro-
lyte to find the acid concentration which would give the greatest rise 
in current density readings woo n :~ he surface of the titanium electrode 
was seratched with a sharp pointed glass rod to break the surface film 
on the titanium. This HF concentration was found to be 1/ 40N HF. The 
two platinized platinum electrodes were adjusted as shown, ~o that 
there was as little interference as possible between them When only 
one or both were in the circuit. 
The procedure followed was to close the switch arid then open it 
quickly to get the maximum reading from the milliammeter, then read 
the resistance from the conductivity bridge. Next the switch was 
closed, and kept closed lli~til ~~e milli~eter readings had dropped 
down to a minimum, .then the switch was opened and the resistance read. 
In this way only the resistance of circuit I was taken, not circuit II 
as well, which would happen if resistance readings to~ere taken with the 
switch closed. All resistance readings were taken only with the 
switch open. As there vtas no \·lay of lmowing in this casevhat the 
constant was of the improvised dip cell, all the resista~ce results 
obtained were only relative to each other, for a qualitative orien-
tation C02 gas was bubbled into the acid to see if saturating the 
solution with C02 instead of 02 picked up from the air would have any 
effect on the resistance measurements. 




a - Ti electrode 
b - beaker 
c - conductivity bridge 
d - Pt electrode 
e - Pt electrode 
m ~ milliammeter 
5 - switch 
Figure 19 
Apparatus for measuring the resistance 
of the surface of a Ti electrode. 
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and a variable resist~~ce were attached to circuit II, and connected 
as shown in Figure 20. The procedure followed now was to close switch 
I, open S\-ritch II and read the resistance; open switch I, close switch 
II and let the current drop to a mi nimum; then open switch II, close 
a~itch I and read the resistance. The variable resis~~ce was adjusted 
to try and find t l:e current density where the current would drop to 
its lm..rest point, and the 12 volt wet cell put in the circuit to im-
press an E. H. F. on circu it II and make sure the platinized platinwn 
electrode was the cathode of the electrolytic cell, and alro well 
saturated with hydrogen. 
0 
{iii) Calcu1ations: 
The resistance results obtained far the preliminary tests were all 
corrected to 18° C (generally used as a reference poi.."'lt) by the method 
described in the Operating Hanual of the AMINCO conductivity bridge 
£or correction to 18° C. 
Using the data from Table LXVII with 0.5N HCl plus NH4F as an 
example: 
R18 = Rt (li- .02~ t) 
where R18:: measured resistance corrected to 180 C 
Rt ~ measured resistance at "temperature of test 
At = difference in temperature between 18° C and 
temperature of test measurement. 
Rt = 0.81 ohms 
.1 t :: ( 21. 4-18) = 3 • 4 ° c 
R18 = 0.81(1 ~ .02 X 3 .4): 0.81 X 1.068 
Dip cell constant = 0.102 



























Apparatus for measuring the resistance 




From the preliminary tests made by adding NH4F in increasing amounts 
to IN HF, l/4N HF, l/2N HCl, 1/lON H2S04, and H20, one feature stood 
out, and that was that the resistance dropped considerably ~Then NH4F 
was dissolved i~ the acids. The results are given in Table LXVII. 
· The resistance measurements with the titanium electrode in 1/40 
N · HF were on the whole rather inconclusive. Usually, the ti taniiml 
electrode had a slightly greater resistance after the anodic polari-
zation, along the order of 1365 ohms a:f'ter the anodic polarization as 
against 136o ohms before. There seemed to be no appreciable change in 
the resistance readings when read before and after the maximum current 
readings, and it was only a..t'ter the low steady minimum current had 1:mn 
reached and the anode polarized that there was t..l-J.e slight rise in re-
sistance. The same general trend followed when C02 was bubbled into 
the solution. 
With the 12 volt wet cell and variable resistance in the circui 
the results remained unchanged. When the voltage of the cell was in-
creased by 2 volt steps trom 2 volts to 8 volts the current increased, 
but in no definite ratio. Hovever, when the leads -were reversed mak-
ing the Ti the cathode instead or the anode, then the current increas-
ed in a direct proportion to the amount of voltage applied. 
When the Ti surface was scratched to expose a fresh surface of 
Ti, the current would rise slightly in most instances. 
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Table LXVII 
Resistance Measurements on adding NH4F to various acids. 
Acid · Temp. Resistance 
(°C) (Ohms 18°0) 
































The rapid drop in the current to a low, steady value shows that the 
titanium electrode is going passive quickly, and some sort of a protec 
tive film must form on the surface of the titanium. That this protec-
t! ve film slows· down the current is illustrated by scratching the sur-
face of the titanium to expose a fresh surfaoe, after wh:ic h the curren 
ri"ses, then drops again as the film once more covers the freshly ex-
posed surface. 
A puzzling feature though, was that the resistance of the tita-
nium electrode was not raised appreciably by this film forming on it. 
However, it is very possible that the resistance of the film drops ve 
quickly as soon as the anodic polarizing current is interrupted in or 
to measure the resistance. Unfortunately, resistance measurements wi 
the polarizing current on could not be made because of exper:IJnental 
difficulties, (the a.c. of the resistivity bridge being out of the 
range of the milliammeter and variable resistance). 
So, the experiments showed that the passivation of titanium in 
the presence of large amounts of NH4 F may oo partially explained by the 
formation on the titanium of films vith greater resistivity than those 
fonned in pure, dilute HF. However, the presence of a bright Ti sur-
face in the presence of NH4F, and its very negative potential (-.922 





The Hydrogen Overvoltage on Platinum and Copper in Hydrofluoric 
Acid Solutions with Ammonium Fluoride or Agar-Agar. 
The third possible explanation for the passivity of' titanium may be 
connected with an overvoltage phenomena, as the overvoltage of' the 
local cathodes in the Ti electrode, as well as the overvolt·age of' the 
Ti itself, may rise in the presence of' large amounts of NH4F. 
To test this probability, overvoltage measurements were made on plat-
inum and copper in the presence of NH4F, and of agar-agar. 
E~~ 4) states· that a cathode metal of' low overvoltage will allow 
far more corrosion at the anode than a metal with high overvoltage, 
and that this increase in corrosion rate will cease to be proportional 
4) Evans, u. R., op. cit. p. 49, 503 
to the cathodic area if the resistance is too high, the cathode/anode 
ratio too great, or if there is appreciable anodic polarization. 
(i) Hethod and Anparatus: 
The apparatus was similar to that used to measure the potential of the 
titanium electrode, except in this case only the potential of' the 
platinized platinum electrode was measured. A schematic diagram of 
r 
a - Pt electrode 
b- Ti ·electrode 
m s 
p 
c - capillary tube from calomel cell 
d beaker 
k - calomel cell 
p - potentiometer 
m - milliammeter 
r variable resistance 
s - switch 
Figure 21 
Apparatus for overvoltage measurements. 
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the circuit used is shown in Figure 21 • . The overvoltage measureJEnts 
were performed by the direct method 11), taking the ·potential of the 
11) Prutton, C. F., and Naron, S. E., Fundamental Principles of 
Physical - ~hemistry, Ma.cHillan Co., New York, p. 586, (1947) 
~a thode when current is passing. 
( ii) Procedure: 
A preliminary test was made by adding NH4F in 3 gram increments to 
60 c.c. of 0.5N HF, adjusting the variable resistance to give the same 
current after each NH4F addition had been dissolved, and reading the 
potential of the platinized platinum electrode. 
~ext, 56 c .c. of 4N HF was used as the electrolyte, and Nli4F 
added in 3 gram increments. During this series of tests the variable 
resistance was manipulated to give as great a range of current read-
ings as possible for each mixture of 4N HF plus NH4F addition and the 
potential read for each. The potential of tbe platinized plat:inum 
electrode was recorded at each of these rurrent reading points. 
A similar test was conducted using a copper electrode coated 
with a copper sponge in place of the platinized platinum. The copper 
electrode was covered with a copper sponge by placing the copper elec 
trade connected as a cat!1ode, and a platinized platinum electrode as 
tm anode in a solution of Cu S04, and applying a high current densi"to'; 
The coated copper electrode was then left in distilled water fbr one 
· 18 
hour to wash out ·any entrapped Cu S04 solution. 
As the rate or dissolution o£ Ti decreased in the presence o£ 
. agar-agar ~ded to HF solutions (p.87a), a similar series or tests 
were made with the platinized platinum and copper electrodes, adding 
2% agar-agar in 2 ·c.c. increments instead o£ the NH4F. 
The overvoltage o£ the platinized platinum and copper electro 
. . 
vas then plotted versus . to lono or the current densi cy- applied. 
(iii) Crugnl 'tions: 
The hydrogen over.voltage o£ t.'le platinum and copper electrodes vas 
calculated according to the expression 
N= -{a+ b lo~o i) (12) 
(12) Tafel, J., Zeitsch Phys. Chem., 2Q., 645, (1905) 
where N = the hydrogen overvol tage in volts or m. v. 
is the current density in m.a./cm.2 
a & b : constants. 
According to this equation a plot of N against lo~oi should be 
linear, with the slope or the line "b", and the y intercept "a". 
As an illustration, using the data trom Table LXIX and Figure 24, with 
0 grams of NH4F added. 
i • 1 , 10 , 20 , 30 , 40 milliamps 
lono 1 • o.o, 1.00 ,1.301 ,1.477 , 1.602 
a;: 100 (the y intercept or plotting N (observed) 
against lom,oi, as show in Figure 24) . 
b- N::c& : ll~-100 15.0 log10i 1.00 = 
J.~~-:1.00 
= 




= 21.7 lo~oi .. 1.477 
1~2-100 
= ~- :.. 21.9 log10i 1.602 
Average b = (J.5 + 16.9 + 21.7-+ 2J..9) 
4 
= 18.9, (or 0.0189 vo1ts/log10 amps.) 
This particular equation is therefore, 
N: -(100 -f-18.9 log i) 
and the calculated overvoltages are, 
1 N(ca1cu1ated) N(o:b§erDsl (Table LXIX) 
10 -118.9 -115 
20 -124.7 -122 
30 -127.9 -132 






The "b" value used in these calculations is 1000 t~es 
. 159 
greater than 
usual, as the current is expressed in milliamps instead or amperes 
(see example) • 
The difference A N shows that ~~e curve obtained is not quite loga-




The results from t~e preliminary test o£ adding NH4F in .3 gram incre-
ments to a 0.5N HF electrolyte and reading the potential o£ the plati-
num cathode after each addition was in solution, as given in Table 
LXVIII, showed . that the potential becomes increasingly more negative 
in proportion t~ the amount of NH4F added. 
The results from adding NH4F in increasing increments to an 
electrolyte of 4N HF, recording the potential readings of the platinum 
and copper cathodes for each increment, and calculating the hydrogen 
overvoltage, are given in Tables LXIX to LXXII. In Figure 22 the 
potentials corrected to the H2 scale at .25° is plotted against the 
current density, and in Figure 2.3 the potentials are plotted aga:Jnst 
lo~o current density. Figure 24, and Table LXXIII show respectively 
the current density plotted aga~st corrected potential, and potential 
measurements of the platinum electrode with ver.y low current density. 
The results of the tests when 2% agar-agar · was added in incre-
ments to the 4N HF electrolyte are given in Tables LXXIV to LXXVII, an 
the corrected potentials of the electrodes plotted a~ainst log1o cur-
rent density in Figure 25. 
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Figure 22 
Potential ( overvol tage) measurements of Pt and Cu electrodes in 
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Figure 23 
Straight line according to equation N: -(a+ b lol]_oi) caapared to experimental points. 
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Hydrogen overvoltage of a platinized platinum electrode in 60 c.c. of 






- • .318 
- • .3.35 
- • .347 
- • .352 
- • .361 
- • .365 
























Potential (overvoltage) measurements o~ a platinized platinum electrode 
in 56 c.c. of 4N HF plus NH4F, with variable current density. 
NH'F i iD DlafiaL~~ 
(grams) ··1 10 20 30 40 
Overvol tage (H2 sca],e) 
0 -.100 -.115 -.122 -.132 -.135 
0 -.089 -.127 -.161 -.175 -.191 
3 -.156 -.174 -.189 -.200 -.213 
6 -.213 -.235 -.245 -.263 -.271 
9 -.255 -.275 -.283 
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Tab1e LXX 
Hydrogen overvol tage of platinized platinum electrode in 56 c .e. of 
4N HF plus NH4F 
i log i 
(m.a./cm-2) .. 
a b 








10 1.00 156 26.95 
20 1.301 
30 1.477 
40 . 1.602 


























N .dN NH4F 
(obs.) (grams) 




















Potential (overvoltage) measurements o£ a copper electrode in 56 c.c. 
of 4N HF plus NH4F, with variable current densit7. 
NH'F i iD m.ra..Ls;;~ (grams) 2.5 5 7.5 20 
Overvoltage (H2 scale) 
0 
- • .3.30 - • .368 
- • .366 -~412 
0 
- • .364 
- • .385 -.400 -.4.30 
.3 -.41.3 -.4.36 -.452 -.496 
6 
-.472 -.492 -.503 -.544 
9 -.478 -.499 -.5ll -~549 
Table LXXII 
Hydrogen overvoltage of copper electrode in 56 c.c. or 4N HF plus 
NH4F 
i C.D. log i 
(m. a./ cm.2) · · 
a 








































































Potential ( overvol tage) measurements of platinized platinum electrode 
in 56 c.c. of 4N HF plus NH4F with low. current density. · 
NH
4
F i in m.a./cm.2 
(grams) .0325 .175 .35 .5 .7 
Overvol tage (H2 scale) 
0 
-.109 -.109 -.109 -.113 -.112 
3' 
-.172 -.171 -.172 -.172 -.172 
6 
-.221 -.221 -.221 -.221 -.221 
9 -.262 -.262 -.262 -.262 -.262 
12 -.286 -.286 -.286 -.286 -.286 
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Table LXXIV 
Potential (overvoltage) measurements ot platinized platinum in 56 c.c • 
. 4N HF plus 2% agar-agar, with variable . current density. 
~ UAf-Amlr 2. m m. a.la2 
.(c.c.) 5 10 15 22.5 
Overvol tage (H2 scale) 
0 -.184 -.204 -.214 -.221 
2 -.185 -.206 -.221 -.228 
4 -.186 -.209 -.221 -.231 
6 -.194 -.218 -.231 -.244 
8 -.200 -.220 -.236 -.249 
12 -.199 -.222 -.234 -.249 
16 -.201 -.227 -.238 -.252 
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Table LXXV 
Hydrogen overvoltage of platinized platinum electrode in 56 c.c. o£ 
4N HF plus 2% agar-agar. 
i C. D~ log i a b N N ~ N 
(m.a./cm ) (calc.) {obs.) 
5 .699 133 69.5 -181.6 -184 2.4 
10 1.00 -202.5 -204 1.5 
15 1.176 -214.8 -214 -o.8 
22.5 1.352 -226.8 -221 -5.8 
5 .699 136 70.1 -185 -185 o.o 
10 1.00 -206 -206 o.o 
15 1.176 -218.4 -221 2.6 
22.5 1.352 -230.7 -228 -2.7 
5 .699 11.4 63.75 -188.6 -186 -2.6 
10 1.00 -207.8 -209 1.2 
15 1.176 -218.8 -221 ·2.2 
.22.5 1.352 -230 -231 1.0 
5 .699 148 69.35-196.5 -194 -2.5 
10 1.00 -217.4 -218 o.6 
15 1.176 -229.5 -231 1.-5 
22.5 1.352 -241.6 -244 2.4 
5 .699 155 !495 -201.8 -200 -1.8 
10 1.00 -221.95 -220 -1.95 
15 1.176 -233.7 -236 2.3 
22.5 1.352 -245.4 -249 3.6 
5 .699 159 62.65 -202.8 -199 -3.8 
10 1.00 -221.65 -222 0.35 . 
15 1.176 -232.7 -234 1.3 
22.5 1.352 -243.6 -249 5.4 
5 .699 162 63.0 -206.1 -201 -5.1 
10 1.00 -225 -227 2.0 
15 1.176 -236.2 -238 1.8 












Potential (overvoltage) measurements of copper electrode in 56 c.c. 
or 4N HF plus 2% agar-agar, with variable current density. 
~~ ~mlr i m m.a..Lr;.~ ;.c: 5 10 15 19.5 
Oyervolta,ge (Hz seale) 
0 
-.443 -.468 -.485 -.495 
2 
-.443 -.473 -.491 -.501 
4 -.443 -.475 -.493 -.504 
6 
-.442 -.473 -.489 -.501 
8 
-.437 -.473 -.486 -.502 
12 -.433 -.461 -.484 -.497 
16 -.426 -.463 -.483 -.489 
Table LXXVII 
Hydrogen overvo1tage of copper electrode in 56 c.c. of 4N HF plus 
2% ag~gar. 
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i c. D. log i a (a.a./om2) b N N ~ N 2% Agar-Agar (calc.) (obs.) (c.c.} 
5 .699 379 90.1 -442 -443 1 0 
10 1.00 •469.1 
-46S -1.1 
15 1.176 
-485 -485 o.o 
19.5 1.29 
-495.2 -495 -o.2 
5 .699 368 1049 -441.4 -443 1.6 2 10 1.00 
-472.9 -473 0.1 
15 1.176 
-491.3 -491 -o.3 
19.5 1.29 
-503.3 -501 -2.3 
5 .699 367 107.5 
-442.3 -443 0.7 4 10 1.00 
-474.5 -475 0.5 
15 1.176 
-493.2 -493 -o.2 
19.5 1.29. 
-505.7 -504 -1.7 
5 .699 374 98.1 -442.6 
-442 0.4 6 
10 1.00 
-472.1 -473 0.9 
15 1.176 
-589.3 -489 -o.3 
19.5 1.29 -500.7 -501 0.3 
5 .699 358 112.5 -436.7 . -437 0.3 8 
10 1.00 
-470.5 -473 2.5 
15 1.176 
-480.2 -486 5.8 
19.5 1.29 -503.1 -502 -1.1 
5 .699 348 117 -429.8 -433 3.2 12 
10 1.00 




18.5 1.276 -496.1 -477 0.9 
5 .699 344 118 -426.6 -426 -o.6 16 
10 1.00 
-462 -463 1.0 
lS 1.176 -482.8 
-483 0.2 
17.5 1.243 -490.8 -489 -1.8 
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(v) Conclusions: 
The logarithmic relation between overvoltage N and current density i 
was first discovered by Tafel 12), and this relationship between cur-
rent density and hydrogen overvol tage given further study by many 
later investigators. Among the foremost of these investigators is 
Knobel 13), with his co-workers. According to these various studies, 
13) Knobel, M., Caplan, c. and Eiseman, M., The Effect of Current 
Density on Overvoltage, Trans. Amer. Electrochem. Soc. ~' 
55, (1923) 
hydrogen overvoltage is a function of current density, and in this 
instance it is also strongly effected by additions to the electrolyte. 
The plbts of N against log10i were nearly linear, as they should be 
to be represented by the equation N: -(a .,. b log10i), and the differ-
ences between N(observed) and N(calculated) were small and practically 
self cancelling. 
All tm measurements made in this chapter show definitely that 
the hydrogen overvoltage of metals platinum and copper increases with 
the increasing concentration of NH4F in the electrolyte. This is 
characterized by the increase of the constant "a" ·(Figure 23, Table 
LXX), while the slope constant "b" is not so strongly e:rfected. Even 
at low current densities (Figure 24) "a" increases strongly and 
steadily. The overvoltage is the only quality which changes with in-
creasing NH4F in such a manner that it causes a decrease in the rate · 
of dissolution of Ti. So it can be concluded that the passivity of 
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Ti, in solutions contnj.ning NH4F in large a.-nounts, is caused by the 
increasing hydrogen overvoltage or the cathodic impurities, eonsistjng 
of metals more noble than Ti, on the titanium surface. It may be that 
they hydrogen overvoltage or Ti itself increases considerably with 
increasing NH4F , blt this was not checked. 
A further example in favour or this theory of passivation due 
to overvoltage, were similar experiments with agar-agar_additions to 
the electrolyte. In Chapter E it was shown that the rate of disso-
lution of Ti decreased 17.2% when 10 c.c. ot 2% agar-agar was added 
to lN HF in which Ti was dissolving. Figure 25 clearly shows that 
the overvoltage on platinum ar:d copper is increased (see "a" ani "b" 
constants Tables LXXV and LXXVII) with agar-agar additions, although 
not so strongly as in the case of NH4F additions. Nevertheless, the 
two are roughly parallel, with the cathodic impurities on the Ti 
surface absorbing the agar-agar molecules,and the overvoltage increas-
ing on these spots. The EMF or the local cells decreases, and with 
it the rate of dissolution. 
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CHAPI'ER IV 
Discussions and Conclusions 
PART I 
The Rates of Dissolution and the Mass Action Law 
The condition o:f equililrium, at a given temperature, in the 
case o:f a balanced or reversible reaction can be obtaine9 by applying 
the law of mass action. This law states that the velocity of a re-
action at constant temperature is proportional to the produce of the 
cencentrations o:f the reacting substances, the concentrations being 
expressed in gram~olecules per litre. 
On applying the law of mass action to determine the condition 
of equilibrium in the case of a reversible reaction taking place in 
an homogeneous system at constant temperature, we get for the general 
equation 
The velocity of the reaction A+ B is equal to kl[A]x(B], and the veloc 
ity of the reverse reaction C + D is equal to k2 [c) x [D], where k1 
and k2 are constants knCMn as velocity coe:fficients. When the condi-
tions are such that the velocities of these two reactions are iden-
tical, a state o:f equilibrium results, and k1 [A)x[B] is equal to 
K2 [c]x[n], :from which it follows 
[c]x[n] . _ kl _ K 
tAJxrB! - k2 -
K being known as the equilibrium constant of the particul.ar reaction. 
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This law of mass action was applied to the equation 
to test ·the validity of the assumption, which was made for the inves-
tigations of rates of dissolution of titanium, that this reaction 
~aches a state of equilibrium, and the NH4F added to H2S04 forms HF. 
A comparison was made of corresponding rates of dissolution or 
titanium in HF alone, and in NH4F (in N) dissolved in 4N H2004 and 
2N H~4, (Figures 4 and 6) to determine the actual normality of the 
NH4F added in relation to pure HF. The rates of dissolution in HF 
alone were according to Straumanis and Chen 2). As an example, from 
2) Straumanis, M. E., and Chen, P. c. op. cit. p. 239 
Figure 4, the rate of dissolution of Ti in 1.25N HF is 690 nun3/an~in., 
which is also the rate of dissolution or Ti in 1.62N NH4F plus 4N 
H2S04. The results of this comparison ~e l:isted in Table LXXVIII. 
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. able LXXVIII 
The comparison of equal rates of dissolu~ion of Ti in HF and 4N H2S04 
plus NH4F, and 2N H2so4 plus NH4F 
~ . N NH4F+ .4N H2004 Rates of Dissolution (mm3 I om2-min.) 
.35 .395 270 
.75 .895 46o 
.85 1.03 505 
1.0 1.25 588 
1.15 1.47 647 
·1.25 1.62 690 
1.35 1.75 735 
1.5 1.98 810 
NHF N NH~F + 2N H2SO{t Rates of Dissolution (mm3 I cm2-eomin. ) 
.2 .5 183 
.3 .63 234 
.35 .70 259 
.4 .77 284 
.45 .84 311 
.5 .91 332 
.55 .98 . 36o 
These values were substituted in the equation 
NH4F+H2S04 ~ (NH4 )HS04 .... HF (2) 
to find the equilibrium constant K. 
Using as an example 1.15N HF, compared to 1.47N NH4F plus 4N H2S04, 
(Table LXXVIII), and assuming that the actual concentration of the 
1 6 
liberated HF is 1.15N, originating from 1.4~~ NH4F. The concentration 
of' H2S04 is then 4-1.15N, and the value for the equilibrium constant 
is 
l = [1.15]q.l5] .. 1.326~ = 1.45 (1.47-1.15} 4-1.15] 0.912 
The calculated equilibrium constants K are listed in Table LXXIX. In 
the case of 4N H2S04, the K values give a fairly good consistency, 
showing that the concentration of HF liberated is in agreement with 
the requirements of the law of mass action. Ho\.rever, whl.le one would 
also expect the same equilibrium constant for 2N H2S04, this is not 
the case. 
To test the accuracy of the calculated average K values (Table 
LXXIX), these values along with the known concentrations of NH4F and 
expression 
to find the concentrations of HF corresponding to the concentrations 




Calculated equilibrium constants K 
NHF N NH4F+ 4N H2S04 K 
-
.35 .395 ( • 75'> 
.75 .895 1.19 
.85 1.03 1.27 
1.0 1.25 1.33 
1.15 1.47 1.45 
1.25. 1.62 1.54 
1.35 1.75 1.72 
1.5 1.98 ~ 
Average~ 
N....lii.. N NH4F + ?N H2S04 ~ 
.2 .5 .074 
.3 .63 .16o 
.35 .7 .212 
.4 .77 .270 
.45 .84 .335 
.5 .91 .406 
.55 .98 ~ 
Average 0.269 
As an example, using data trom Table LXXVIII where N NH4F plus 4N 
H2S04 is l.03N, and from Table LXXIX whe~ the average K value is 
1.39 for NH4F plus 4N ~4 
K= X X X 
CNH4F-x) (H2S04-x) 
1.39: x2 
. . (1.03-x) (4-x) 
1.39 =- i-
4.12-5.03x + x2 
0. 39x2-6. 9917x + 5. 7268 = 0 
solving the quadratic equation by the expression 
x: -b= Yb2-4Jlc 
2a 
X: 6.9917-· \148.884-8.9% 
.78 
:r 0.847 N HF as compared wi~ a value of 0,85 N HF 
used to compute the equilibrium constant K, 
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A simUar example for NH4F plus 2N H2SO4 where the average K value is 
0 .2&:J and N NH4F plus 2N H~ 4 is 0. 77N, would be: 
K- X X X 
- {NH4F-x) (H2so4 -x) 
0.269 1: x2 (0.77-x)(2-x) 
x2 
0.269= 1.54-2.77x.,. X2 
0.73J.x2+ 0.745x-0.4143 c 0 
solving the quadratic equation we obtain for x, 
x = -.745.,. Vo.ssso + 1.2114 .. 
1.462 
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= 0.391 N HF, as compared with a value or 0.4N HF 
used to compute the equilibrium constant K~ 
The results or these calculations are listed in Table LXXX. 
Table LXXX 
Comparison of N HF used to calculate average K values with N HF 
calculated usin~ average K values. 
(used to calculate 
avera?"e K value 










(used to calculate 
average K value 










average K value 











average K value 










It is noted that where the equilibrium constant K fer a specific con-
centration of N HF was below the average K value, the N HF value cal-
culated using the average K value was generally less than th~ corre-
spending N HF value used to calculate the average K value. The revers 
is true when the equllibrimn constant K for a specific concentration 
of N HF was above the average K value. 
The law of mass action evidently holds within reasonable accu-
racy when applied to the equation 
NH4Fr H~4 ~ (NH4)HS04 + HF (2) 
for values of 2N H2S04 and 4N H2S04, plus varying additions of NH4F, 
with the exception that the equilibrium constant K varies with the 
concentration or H2S04 and had to be computed separately for 2N and 
As a further check on this feature, it was attempted to apply 
the Law or Mass Action to the reaction when the concentration of NH4F 
remained the same and the concentration of ~SO 4 varied. The concen-
tration of NH4F was constant at 0.05N, the concentrations or H2S04, 
0.5, 1, 2, 4, 6, 8 and lON, and the equilibrium constants K used were 
those found previously, 1.39 and 0.216 for NH4F added to 4N H~04 and 
2N H2S04 respectively. As an example with K=l.39,and 0.5N H2S04 
K - [!IF WN!U }!ISO~] 
- ([NH4F]-[HF])H2S04]-[ NH4)HS04J) 




0. 39x2-o, 7645x + 0 .·034 75 = 0 
solving the quadratic equation we obtain for x, 
x= .'7645- v. 5845-.0543 
.78 
= 0,047 N HF 
Similar calculations were made using K = 0,269, and the results for 
both are given in Table LXXXI. 
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Table LXXXI 
Calculated N HF us:ing average K values ~th a constant concentration 
of NH4F plus varying concentrations of H2S04 
N NH4F N H2S04 K N HF (calculated) 
0.05 0.5 1.39 0.047 
0.05 1.0 0.048 
0.05 2.0 0.049 
0.05 4.0 0.050 
·o.o5 6.0 0.050 
0.05 8.0 0.049 
0.05 10.0 0.049 
0.05 0.5 0.269 0.038 
0.05 2 0.046 
0.05 4 0.048 
0.05 6 0.048 
0.05 10 0.049 
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The results from these calculations are as expected, with the reaction 
(2) going further to completion as the strength of the H2S04 present 
in the solution is increased. This is as it should be, for in Figure 
3 it is seen the rate or dissolution of the titanium slo~y rises as 
the normality ·or the H2S04 (with a constant amrunt of NH4F added) is 
increased, and the concentration of HF present also increases. How-
ever, a quantitative test showed that there is a difference in the 
increase or rates. 
The rates of dissolution V, of titanium in pure HF was computed 
using the empirical equation 
V= 459N2/3 mm3/cm2-min. 
derived by previous investigators 2) for the rate of dissolution or 
2) Straumanis, M. E., and Chen, P. c., op. cit. p. 236 
titanium in HF concentrations between 0.02N and 0.2N. 
Substituting, in the the equation just ~ntioned, the values 
from Table LXXXI for N or HF obtained from 0~5N H2S04 plus 0.05N NH4F 
and 10 N H2SO4 plus 0. 05ll NH4F, we obtain 
V.= 459 x 0.0472/3 = 59.80 mm3/cm2-min. 
Va= 459 X 0.0492/3:61.46 mm3/cm2-min. 
The increase in rates o:f dissolution o:f Ti, increasing the 
concentration or pure HF from 0.047 to 0.049N, is therefore 
61.46-59.80 = 1.66 mm3/cm2-min. 
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The increase in rates of dissolution of Ti a~rived at from the exper-
iments using 0.05N NH4F in the presence of 0.5 and lON H2S04 (Tables 
II and XIV), and where the concentration of HF also increases from 
0.047 to 0.049 gives, 
42.0-29~26 .. 12. 74 mrn3/cm21in. 
Therefore, the rise· in rates of dissolution with the same concentra~ · 
tions of HF is larger in the second ease than in the first. From this 
it follows that the H2S04 also contributes to the rate of dissolution, 
if HF is present, in agreement vith former statements. (see page 26, 
Table VII) 
All these results illustrate that the lav of' mass action holds 
quite well vhen applied to the equation 
NH4F+.H2S04 ~ (NH4)HS04 + HF (2) 
with the exception that some unlmown factor necessitates far best 
accuracy that the equilibrium constant K be oomputed separately .for 




It was noticed during the investigation of potential measurements and 
dissolution rates of titanium (Chapter F) that on adding large amounts 
of ammonium fluoride ·to a 2N H~4 electrolyte, a passivation. of the 
titanium took place. This passivation manifested itself in the de-
crease fn rates of dissolution of Ti as follows: 
Elec'fa:~ 
2N H2S04 4N NH4F 
2N H2S04 5.77N NH4F 
Rate of Di§solution(mm3/cmf~.) 
56o.6 (Table XLVIII) 
35. (Table LIV) 
The potential of the titanium electrode also became steadily more 
negative as additional NH4F was added to the electrolyte: (see Figure 
9) 
Electrolvte Cl60c.c.) 
2N H2S04 l/20N NH4F 
2N H~04 5.77N NH4F 





This fact, that during passivation the potential becomes steadily more 
negative {as increasing amounts of NH4F are added) is oontrary to all 
other observations on passivation, and it is generally accepted 4) 
4) Evans, u. R., op. cit. p. 55 
that the potential will rise and beco~ more positive when a reagent 
added to an electrolyte brings about the passivation of a metal. To 
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explore this phenomenon a series of additional experiments were made, 
consisting of potential measurements, conductivity and overvol tage 
determinations. 
Simple, qualitative experiments were made as follows: 
First, preliminary tests were made of the potential or Ti in 
2N H2so4 electrolyte ~.a beaker open to air, vi th NH4F added to the 
electrolyte ~ increasing amounts. The potential of the titanium 
became ste.adily more negative as increasing a.nnunts of NH4F were dis-
solved in the 2N H2SO4. However, af'ter a certain concentration or 
. NH4F in the 2N H2S04 had been reached, the titanium electrode turned 
dark, and the hydrogen evolution, which up to this point had been 
strong, slowed drastically. The potential W.ich had decreased from a 
value or around -.595-volts to over -.900 volts, rose very quickly to 
a value of about -.680 volts, then as still :fUrther NH4F was added the 
pot.ential gradually dropped to -. 780 volts and remained constant there 
(Table LII, Figure 10) A quite similar occurence took place when the 
test was repeated with a 2N HF electrolyte instead or the 2N H2S04 
electrolyte. (Table LIII, Figure 10) 
Quantitative tests were made on the rates or dissolution and 
potential of the ti t .anium electrode in a nitrogen atmosphere with 
electrolytes consisting of 140 c.c. of 2N H2S04 plus 30 grams or NH4F, 
and 140 c.c. or lN HF plus 30 grams or NH4F. This amount of · NH4F was 
sufficient to reach the concentration where the passivation of the 
titanium mentioned takes place. The results obtained gave a subdued 
version of the occurences which happened during the qualitative tests 
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in a beaker exposed to air. {Figure 11). The maximum negative poten-
~ials reached were approximately the same as during the qualitative 
tests, but the rise in potential afterwards was considerably less. 
(Tables LIV to LVII). The average maxirrmm rates of cH.ssolution of the 
Ti were very much less than those of Ti in acid mixtures containing 
less . NH4F, and also in 13: N2 atmosphere. 
E1ectrolvte Ra,te of Dissolution(mm3/cm2-min.) 
140 c.c. 2N H2S04 30g. NH4F 
100 c.c. 2N H2S04 0.5N NH4F 
140 c.c. lN HF 30g. NH4F 









After the electrode was taken from the N2 atmosphere it was 
still bright and shiny, and there was no dark f':Um on the 11tanium 
surface as was formed during the tests made in air. This indicates 
that the passivation observed is not dependent entirely on the forma-
· tion of a surface film. However, when the acid fUm clinging to the 
titanium surface was washed away with a stream of water, the surface 
immediately oxidized and turned dark. The oxidized titanium electrode 
was placed in the same 2N H2S04 and lN HF electrolytes saturated with 
NH4F, as were used during the tests in a N2 atmosphere, in a beaker 
open to the air, and potential measurements made. These potential 
measurements gave the same general pattern as was observed for the 
first qualitative tests. (see Tables LII, LIII, LVIII, LIX, and 
Figures 10, 12). l·lith the case of the oxidized titanium electrode 
the maximum negative potential {-.920 volts average) was obtained 
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almost immediately as the electrolytes used already contained suffi-
cient NH4F (30 grams NH4F in 165 c.c. of acid mixture) to produce the 
passivation previously mentioned. There was good hydrogen evolution 
:from the oxidized titanium surface untU the maximum negative poten-
tial was reached. Whereupon the rate of dissolution as before, was 
cut sharply. 
A further test with the titanium electrode in 165 c.c. ot an 
acid mixtW:e cont8.ining 30 grams of NR4F ani lN HF, .first in a nitro-
gen atmosphere then in an oxygen atmosphere' gave no changes in poten 
tial measurements with the changes :in atmospheres. (Table LX, Figure 
13), attar the maximum constant negative potential had been reached 
in a N2 atmosphere. However, the electrode was dull and oxidized 
when taken from the acid mixture. 
Theory or Local Elements: 
.In order to explain this passivation phenomenon of the tita-
nium, it is first necessary to describe the theory of the dissolution 
of titanium by the activity of local cells. 
Previous investigators 2)5) have shown that 'the dissolution or 
titanium in hydrofluoric acid is likely an electrochemical process, 
2) Straumanis, M. E., and Chen, P. c., op. cit. p. 235 
5) Straumanis, M. E., and Chen, P. c., op. cit. p. 238 
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the velocity of which is determined by the activity of local cells. 
No~ly, titanium is covered by a protective film which is porous, 
so that the metal is partially protected by the f'ilm and partially 
exposed through the pores to the corroding medium. Then when the 
.pores become widened · by the hydrofluoric acid dissolving the pro-
tective film, still more underlying local cathodes (or cells) are 
exposed to the acid, and rate of dissolution increases. The cathodes 
of the local cells are the impurities in the titanium, and the common 
anode, for all the local cells, is the pure titanium. The film on 
the metal may act as a cathode only if it has a low electrical re-
sistance and low overvoltage. The potential difference of these 
local cells E'-N (where E' is the dissolution potential of the tita-
nium itself and N the hydrogen overvoltage of the local cathodes) is 
small. The resistance r or the acid in the pores might be quite high, 
so that the current i produced by one of the local cells is 
i = ~ (13) 
r 
and is minute. 
When z is the number of local cathodes per unit area, and z' 
the number of active cathodes in this unit area not shielded by the 
protective film, the total current produced wUl then be 
I: z' ~ (14) 
r 
To express this in terms of the rate of dissolution v,. it is 
necessary to add a factor kl4) 15), then 
V: k z' E'-N (15) 
r 
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14) Straumanis, 1-f. E., Korrosion u. Metallschutz, 2, 1, 29, (1933) 
15) Straumanis, M. E., Korrosion u. Metallschutz, ~' ~1, (1938) 
From this it is seen the .. important controlling factors of the rate of 
dissolution are! (i) the electromotive force or potential of the anod 
.{ii) the resistance of the electrolyte, and {iii) hydrogen overvoltage 
of the local cathodes. Each of these qualities renders a possible 
explanation of the rassi vat ion of the titanium, and which will be 
discussed next. 
The Mechanism of the Passivation Phenomenon 
(i) The first possible explanation for the titanium passivation is 
that the NH4F added to the electrolyte may cause some changes in the 
surface of the titanium during dissolution, which will cause potential 
changes and lead to a decrease in the rate of dissolution. This 
possibility was considered by using a model element; Ti-HF-Pt, short 
circuited through a mllli~ter to study the changes of the potential 
of Ti versus current density. Two different titanium electrodes were 
used on separate occasions :far the Ti electrode in the model element. 
One of these was of Hemington Arms titanium, ani the other of purer 
Battelle Institute titanium, to see if the impurities in the titanium 
might be exerting so~m effect on the passivation observed. This was 
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not the case, and results following the same general trend were ob-
tained with both electrodes. The methods followed in conducting these 
tests and the results obtained are described in detail in Chapter H. 
From these results it can be concluded that the negative poten-
tial was most negative (-.914 volts) during the self dissolution of 
the titanium, when the Pt electrode was not in the circuit. Then wher 
the Pt electrode was in the circuit, the potential increased and was 
at its leas~ negative value ( -o. 4 volts) • Therefore, 'the potential 
of Ti reaches its most negative value w~n the anodic current passing 
through the solid/ltquid interface approaches zero. Consequently, if 
the rate of reaction decreases and simultaneously the potential be-
comes more negative, the latter cannot bJresponsible for the decrease 
in rate, and the decrease in rate must be due to some other factor. 
If this were not so, then the more negative potential should induce 
a greater rate of dissolution, as shown by the following example: 
Taking a hypothetical value for the overvoltage N of -o • .3 volts, and 
substituting in equation (1.3), we get, 
i= -0.4-(-D.J) = _Q,l 
r 
if the potential of' the dissolving metal now becomes more negative 
i: -0.914-(-0 • .3)=-~ 
r 
with i = ~ greater than i = Q..l 
r r 
So, the change in potential in the case of passivation of Ti is mt 
tm cause of passivation, but only a consequence of the reduced rate 
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of dissolution, which decreases because of some other reasons. 
(ii) The second possible explanation or the passivation or the tita-
nium might be due to the increased resistance of t.}}e acid mixture from 
NH4F additions, and the formation of a film of high resistance on the 
surface of the Ti electrode. 
This fil.In formed on the surface of the · Ti mi~t possibly be a 
~Ti F6]- complex formed from the reaction of NH4F wi.th lx>th Ti F3 
and Ti F4 molecules present in the solution, either together or separ-
ately. 
or 
Ti F3 + 3N H4F ~ (NH4)3 (Ti F6] 
Ti F4 + 2N H4F --. (NH4)2 (Ti F6] 
Ti F3~Ti-t-ti- +3r 
Ti +++ +6r --(Ti F6]--
or[Ti F(,]--
These complex salts are soluble in water, but it is possible that ::b the 
presence of air some complexes containing ox:r,.~n are formed, \olhic h are 
insoluble in acid. This follows from the fact that no such .films are 
formed in an inert nitrogen atmosphere. The fornstion of such a film 
on the surface or the titanium would slow dissolution and make the 
metal passive, as it would cover the local cathodes, smother their 
action, and not allow further corrosion. However, as the film in this 
case did not adhere firmly to the titanium, and could be easily reroovee 
by washing with a stream of water, it is doubtful if the film had much 
effect on the rate of dissolution. 
Ail attempt was made to measure the resistance of this surface 
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film on the titanium electrode, and this procedure is outJ.ined fully 
in Chapter I. 
It was found that the current dropped rapidly to a low, steady 
value when the Ti electrode was being polarized, showing that the tita-
nium vas going passive· quickly, and some sort of a protective film 
forming on the surface. This film only partially slowed the current, 
for scratching it· to expose a .fresh surface of titanium caused the 
current to rise only slightly, then drop again as the film once more 
covered the freshly exposed surface. This is in agreement with the 
film only bein~ loosely attached to the surface of the titanium. 
Concerning the resistance or the electrolyte, it was found in 
every case with increasing amounts of NH4F that the resistance of the 
solutions decreased when NH4F was added (Table LXVII). Which dismissec 
the argument of passivation being due to NH4F increasing the resistance 
of the acid mixture·. 
So, the passivation of titanium in the presence of large amounts 
of NH4F may be only partially explained by the fonna tion of surface 
films on the titanium. 
(iii) The third possible explanation for the passivity of titanium 
may be that the overvoltage N of the local cathodes may rise in the 
presence of large amounts of NH4F. To test thj_s possibility, over-
voltage measurements were made on platinum and copper electrodes in 
56 c.c. of 4N HF plus NH4F and 56 c.c. of 4N HF plus agar-agar. The 
procedure followed is described in Chapter J and the results obtained 
listed in Tables LXIX to LXXVII. 
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All the measurements made showed definitely that the hydrogen 
overvoltage of the metals platinum and copper increased with increas-
ing concentrations of NH4F in the electrolyte. This was characterized 
by the increase of the constant "a" (Table LXX, Figure 23), while the 
slope constant "b" was· not so strongly affected. Even at low current 
densities (Figure 24), "a" increased strongly and steadily. The 
overvoltage thel?- is the only quality which changes 'With increasing 
NH4F in such a manner that it causes a decrease in the rate of' 
dissolution of Ti. In the expression 
V: k z' !!.::!! (15) 
r 
if the overvoltage -N is increased, and all the other values remain 
unchanged (E 1 may even become more negative), then V will decrease. 
So it can be concluded that the passivation of titanium in solutions 
containing large amounts of' NH4F is caused by the increased hydrogen 
overvoltaee or the ·cathodic impurities on tl:e titanium surface. 
This conclusion can be confirmed by overvoltage measurements 
made for 4N HF solutions with agar-agar additions also decrease the 
rate of dissolution (Table XXXV) when added to lN HF in ~ich Ti is 
dissolving. Figure 25 shows that the overvoltage on platinum and 
copper is increased with agar-agar additions. The cathodic impuritles 
on the Ti surface absorb the agar-agar molecules and this decreases 
their active surface. Therefore the current density will increase, 
and with it the overvoltage -N, which in turn decreases the EMF of 
the local cells, and according to equation (15), also decreases the 
rate of' dissolution. 
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So it is possible to explain the different rates of dissolution 
of titanium observed in different acids, with and wthout the additions 
of NH4F, and the passivation phenomenon described, on the basis of the 




The dissolution of titanium in several acids containing ammonium fluo-
ride was studied in th;is investigation. Qualitative tests made in 
varying concentrations of ·several strong and weak acids, HCl, HN03, 
H2S04, HCl04, CH3COOH, HCOOH and CF3000H, showed no attack on titanium 
b,y the acids'the.mselves, but a strong attack Yhen ammonium or sodium 
fluoride was added to the acids. 
The law of mass action holds quite well when applied to the 
equation 
NH4F+HzS04~ (NH4)HS04 + HF 
for the formtion of HF from NH4F added to H2S04, with this HF formed 
dissolving the ti.tanium. 
Further quantitative studies were made of the rates of disso-
lution of ti.tanium in concentrations of H2S04 and HCl .from 0.5N to lON 
with a constant concentration of 1/20N NH4F added; of constant concen-
trations of 2N and 4N H2S04 with the concentration of NH4F added vary-
ing from 0.05N to lN, and 0.05 to 2N, respectively; am of a constant 
concentration of 2N HCl with the NH4F added varying from 0.05N to lN. 
The maximum average rates of dissolution increased on a straight line 
relationship between the rate of dissolution and the normality of the 
concentration being varied, in all instances. The only exceptions 
being with concentrations of less tban 0.5N NH4F added to 2N HCl and 
198 
4N H2S04, in which cases the relationship was a slightly curved instead 
of straight line function. The rates of dissolution were much higher 
for tests made with increasing concentrations of NH4F in constant 
concentrations of H2S04 and HCl, than in increasing concentrations of 
H2so4 and HCl with constant additions of NH4F. In every instance the 
rate of dissolution was greater in HCl plus NH4F than in H2S04 plus 
NH4F. Rat9S of ~issolution in 2N H2so4 with increasing concentrations 
of NH4F from ~/20N N to 5.77N, ~ave increases of 32.7 rmn.3/cm2-min. in 
2N H2S04 plus l/20N NH4F to 56o.6 mm3/cm2..min. in 2N H2S04 plus 4N 
NH4F, then decreased to 35.14 IllllL3/cm2-min. in 2N H2S04 plus 5.77N NH4F~ 
The rate of dissolution in pure HF increased rapidly with increas:ing 
concentrations of HF, on a straight line relationship between tlle rate 
of dissolution and Normality of the HF. 
It was shown that H2S04 and HCl also contribute to tre rate of 
dissolution if HF is present. 
Electrode potentials developed by Ti in 2N H2S04 with increasing 
concentrations of NH4F from ~20N NH4F to 5.77N NH4F, and in pure 0.5N 
to 3N HF were measu::."ed. These electrode potentials decreased from 
-.572 volts (H2 scale) in 2N H2S04 plus l/20N NH4F to -.910 volts in 
2N H2so4 plus 5.77N NH4F. The electrode po-tential of Ti in pure HF 
remained constant at -.78 volts, irregardless of HF concentrations. 
Metal salts of platinum, gold, copper, nickel, lead, iron and 
manganese were adde~l to lN aF during the dissolution o:f titanium, and 
only in the case of the platinum addition was there a change in the 
electrode potential. The potential rising from -.819 volts (H2 scale) 
1_99 
to -.653 volts. 
The rate of dissolution increased considerably when platinum 
salts were added to the dissolving acid, and decreased when agar-agar 
was added. 
A study was nade of the passivation phenomenon noted for the 
Ti, which manifests itself. in that when large amounts of NH4F were 
added to "the 2N H2S04 solution the rate of dissolution decreased, but 
the electrode paten tial o.f the Ti contimed to become mare negative. 
This feature of a dropping electrode potential during passivation is 
the reverse of that generally observed. The passivation phenomena 
was shown to be due to increases in the overvol tage of the cathodes 
of local cells on 1he titanium surface, when NH4F is added to the 
dissolving acid. The activity of these local cathodes governs the 
rate of dissolution of titanium. The changing of the electrode poten-
tial had no effect on passivation, and the formation of a surface fUm 
on the titanium only a slight, secorrlary effect. 
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